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ABSTRACT

PREFERENTIAL EARLY ATTRIBUTION IN
SEGMENTAL PARSING
SEPTEMBER 2017
AMANDA RYSLING
B.A., NEW YORK UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor John Kingston

This dissertation investigates parsing in segmental perception, or the process by
which listeners map the continuous acoustic signal that reaches their ears to the
linguistic representations over which phonology operates. It addresses questions of
when listeners decide that they have heard acoustic evidence about the identity of
one speech sound, versus evidence about the identity of a following sound, and when
this linguistic knowledge is applied relative to when it is received during the course
of on-line perception and processing. The central argument advanced here is that the
beginnings of answers to these questions require the recognition of a domain-general
perceptual bias to continue attributing incrementally-received input to a previouslyrecognized event, rather than posit that first event’s completion and the beginning
of a second event before it is necessary to do so. An outline of a new model of
general segmental perception that includes this bias is then advanced. This approach

vii

has implications for our understanding of the evolution of the typology of the world’s
languages, in particular for the ways that the acoustic qualities of cues to phonological
contrast can determine which potential processes are or are not phonologized.
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CHAPTER 1
INTRODUCTION

1.1

Segmental perception as a parsing problem

This dissertation investigates parsing in segmental perception, or the process by
which listeners map the continuous acoustic signal that reaches their ears to the
linguistic representations over which phonology operates. It addresses questions of
when listeners decide that they have heard acoustic evidence about the identity of
one sound, versus evidence about the identity of a following sound, and when this
linguistic knowledge is applied relative to when it is received during the course of
on-line perception and processing. The central argument advanced here is that the
beginnings of answers to these questions require the recognition of a domain-general
perceptual bias to continue attributing incrementally-received input to a previouslyrecognized event, rather than posit that first event’s completion and the beginning
of a second event before it is necessary to do so. An outline of a new model of
general segmental perception that includes this bias is then advanced. This approach
has implications for our understanding of the evolution of the typology of the world’s
languages, in particular for the ways that the acoustic qualities of cues to phonological
contrast can determine which potential processes are or are not phonologized.

1.2

The primacy of contrast effects

Much work on segmental perception has been devoted to understanding how the
perception of a target sound is affected by the context in which that sound occurs.
This work has uncovered many instances of contrast, in which a target sound is
1

systematically judged to be different from its context on some dimension, and few
instances of assimilation, in which a target sound is judged to be similar or identical
to its context on some dimension. No theory has yet provided an explanation for why
contrast or assimilation effects are found where they are found. As noted by Mitterer
(2006), it is unlikely that all the instances of any one pattern of behavioral responses
form a natural class with a unified explanation.
Contrast has been the major focus of attention in this literature, perhaps because
most researchers have conceptualized the problem of segmental perception as one
of either compensating for coarticulation, and accounting for perceptual invariance
despite gestural overlap, or otherwise un-tangling the effects of an inherently continuous, noisy, and gesturally overlapping production process. Many studies that reported
contrast effects did so in order to demonstrate either the generality of context effects
in language (Beddor & Krakow, 1999; Fowler, 1981; Fowler, Brown, & Mann, 2000;
Holt, 1999; Holt, Lotto, & Kluender, 2000; Lindblom & Studdert-Kennedy, 1967;
Mann, 1980; Mann & Repp, 1980, 1981; Repp, 1982, 1983, inter alia) or the analogous processing of comparable speech and nonspeech stimuli (Diehl & Walsh, 1989;
Holt, 1999; Holt et al., 2000; Lotto, Kluender, & Holt, 1997; Lotto & Kluender, 1998;
Wade & Holt, 2005, inter alia). Multiple explanations have been put forth to account
for contrast effects, but all of these can be sorted into one of two kinds: (1) those that
reject appeals to general auditory mechanisms in explanations of speech perception,
and (2) those that pursue explanations grounded in general auditory mechanisms.
In this section, I will outline these major approaches, so that my proposal can be
introduced and discussed relative to them.
Researchers of the direct realist framework (Fowler, 1986) reject appeals to general
audition. They have argued that apparent contrast effects between any two phones
are the result of listeners’ directly perceiving the gestures used to articulate those
particular segments. Given two consecutive naturally-coarticulated segments, listen-
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ers compensate for coarticulation by hearing the acoustic properties that arose from
the production of one segment as the gesture(s) used to articulate that segment, and
the acoustic properties that arose from the production of the other segment as the
gestures used to articulate that other segment. Once the acoustic signal has been
thus perfectly mapped, two sounds next to each other are necessarily perceived to be
different, because each is heard only as the gestures responsible for it, with no ambiguity about what those gestures were or any sense that they were blended together.
Direct realists thus reject the very label “contrast effect,” because they understand
judgments of differences between two sounds as complete compensation for coarticulation, not a comparison of any kind of general auditory properties between two
sounds. This framework does not admit attempts to account for segmental perception by means of general auditory or cognitive mechanisms that do not make reference
to gestures, and further rejects any role for systematic translation or transformation
from acoustics to segmental or featural representations, because gestures are taken to
be the atomic units of speech perception. This framework also predicts that listeners
should not assimilate between target sounds and their contexts, because perceivers
should always successfully compensate for coarticulation between any two consecutive
sounds (Fowler & Smith, 1986).
The studies summarized below have found that listeners productively judge targets as similar to their contexts when those targets precede their contexts and the
transitions between the sounds are gradual. In order to accommodate these results,
the direct realist account of perception would need to be augmented to allow for
systematic mis-attribution of the products of the articulation of context sounds to
target sounds, in a kind of translation between the acoustic signal and the perceiver’s
conclusions about the world that the framework explicitly rejects. While the hypothesis that I put forth here could be re-stated in terms of gestures, this would still not
make it compatible with the direct realist framework. The approach I propose to
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take in this dissertation is antithetical to the principles of the direct realist framework because it appeals to the role of a perceptual bias in translating from acoustics
to representation. Any explanation that appeals to the existence of a bias posits
that listeners distort the signal in mapping it to perceptual objects, a possibility that
direct realism explicitly rejects.
Researchers who pursue approaches to segmental perception that can be grounded
in general audition are known as auditorists, or adherents of the “general approach”
(Diehl, Lotto, & Holt, 2004), whereby the neurons that respond to, for example,
spectrally high frequencies, are temporarily less responsive to higher frequencies immediately after exposure to an interval of higher frequency sound, while neurons that
respond to lower frequencies are comparatively more responsive. Thus, a spectrally
intermediate target sound will sound “low” after a high precursor (Holt, 2006), for
example a spectrally high sound and a spectrally low sound, is exaggerated when
these are presented immediately in a sequence together, as compared to the perceptual distance that would be mapped from listeners’ responses to each in isolation
(Kingston et al., 2014). Still others have argued that contrast effects are subsumed
by an account that views segmental perception as a continual process of change detection in the analysis of the acoustic signal (Lotto et al., 1997; Kiefte & Kluender,
2008; Stilp & Anderson, 2014; Stilp, Anderson, & Winn, 2015). All of these accounts
have in common their applicability to speech-nonspeech contexts and targets as well
as speech-speech contexts and targets, and they are not mutually exclusive.
None of the auditorist accounts in the literature to date have explicitly dealt
with assimilation or the factors that determine whether assimilation or contrast will
occur. Furthermore, no auditorist account offers an answer to the question of which
instances of behavioral contrast or assimilation might arise from the same underlying
mechanism(s), and which likely arise from the actions of others. In the next section, I

4

review the previous studies that suggest that assimilation and contrast for spectrally
cued segmental contrasts are predictable from the order of targets and contexts.

1.3
1.3.1

What is known about assimilation and contrast today
Assimilation versus contrast is a matter of order

Mann (1980) and Mann and Repp (1980) demonstrated the first-reported cases
of classic contrast effects, although these were not labeled “contrast” until Repp
(1982) did so. Mann (1980) synthesized a /da/ to /ga/ continuum, and presented it
to listeners after the contexts /al/ or /ar/, to yield endpoints [alda], [alga], [arda],
and [arga]. She found that listeners responded “g” more after /al/, as expected if
spectrally lower /g/ contrasts with higher /al/. Thus, later target “g” contrasted
with earlier context /al/, in a context-target judgment configuration.
Kingston, Jesse, Rysling, and Moura (in preparation) carried out a series of studies
that attempted to find forward and backward context effects for stop consonant-vowel
(CV) and vowel-stop consonant sequences (VC). Instead, they found contrast when a
target followed its context (context-target), and assimilation whenever a target preceded its context (target-context). In Kingston et al.’s Experiment 2a, when listeners
judged vowels from a spectrally high /e/ to low /o/ continuum in CV sequences
(continuum endpoints formed nonwords poash, toash, paish, taish), they more often
answered spectrally high “e” after low /p/ and low “o” after high /t/, in effect choosing to spectrally contrast with preceding contexts. In their Experiment 1a, when
judging consonants from a high /t/ to low /p/ continuum in VC sequences (heat,
hoot, heap, hoop), listeners reported more spectrally low “p” after high /i/ and high
“t” after low /u/, again demonstrating contrast in a context-target configuration. In
their Experiment 2b, when listeners judged consonants from a spectrally high /t/ to
low /p/ continuum in CV sequences (again poash, toash, paish, taish), statistically
non-significant assimilatory trends were observed in a target-context order. Listeners
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more often picked the consonant that was spectrally similar to the vowel that followed it, and so spectrally low “p” was picked when preceding spectrally low /o/,
and spectrally high “t” was picked when preceding spectrally high /e/ (Kingston et
al. reason that the non-significance of this trend might be due to the lower intensity of
the consonant-to-vowel transitions during the aspiration interval of a voiceless stop; I
propose to test this explanation in Chapter 2). In their Experiment 1b, when listeners
judged vowels from a spectrally high /i/ to low /u/ continuum in VC sequences (heat,
hoot, heap, hoop), listeners more often picked the vowel that was spectrally similar
to the consonant that followed it, to yield more spectrally low “u” before low /p/
and more high “i” before high /t/. All of these studies therefore displayed contrast
between later targets and earlier contexts, and assimilation between earlier targets
and later contexts.

1.3.2

Assimilation is modulated by transitions

Several studies (Fujimura, Macchi, & Streeter, 1978; Kingston et al., in preparation; Kingston & Shinya, 2003; Repp, 1983) provide convergent evidence that assimilation across two segments is somehow dependent on the acoustically intermediate
material found in the transitions between those phones. Kingston et al. established
that manipulation of transitions modulates the degree of listeners’ assimilation judgments.
Kingston et al.’s Experiment 3 asked listeners to categorize vowels from two frontto-back vowel continua, one tense (/e/ to /o/), the other lax (/E/ to /2/). These
continua occurred before /p/ or /t/ contexts, and with a /kl-/ onset, to yield the
nonsense monosyllables klape, klope, klate, klote, klep, klup, klet, klut. Spectral assimilation was expected in this configuration, such that more low “o” and “2” would
be reported before low /p/, and more high “e” and “E” would be reported before high
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/t/. This exact pattern of results was obtained, establishing the effect word-finally
for nonsense words as well as extant words.
Experience with coarticulation in natural speech might have been expected to aid
listeners to “un-do” the vowel-consonant mixture of a transition from a target vowels’
steady state to the closure of the following stop, such that listeners would accurately
attribute some of it to the vowel, and some of it to the consonant. Perfect attribution
of this kind would be expected to yield no assimilation effect whatsoever. Kingston et
al. hypothesized that listeners were taking the vowel-to-consonant formant transitions
as evidence of the identity of the vowel, even though the shapes of all vowel-toconsonant transitions are influenced by the particular identities of both the given
vowel and the given consonant.
In their Experiment 4, Kingston et al. explicitly manipulated the extent of the
vowel-to-consonant transitions in order to test their hypothesis. They reasoned that if
transitions were being used as evidence about the vowel, then modulating the extent
of transition relative to steady state in the vowels should also modulate categorization, such that longer transitions would result in more context-matching/assimilation.
Listeners were again asked to categorize tense and lax vowels from front-to-back continua in the nonsense words from Experiment 3. These continua were based on those
for the third study, but the ratio of the vowel’s steady state to its transitions was
artificially manipulated so that three continua per vowel type were made, each with a
different ratio: 70:30 (naturally occurring), 50:50, and 30:70. All vowels were spliced
into the same consonantal context frames as those used in their third experiment, to
yield the same nonsense word stimuli. Participants again gave assimilatory responses:
more “o” and “2” were reported before /p/, and more “e” and “E” were reported before /t/. Confirming Kingston et al.’s prediction, the amount of assimilation was
indeed modulated by the steady state-to-transition ratios: the most assimilation was
found in the 30:70 condition, slightly less was found in the 50:50 condition, and the
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least assimilation, although still present, was found in the naturalistic 70:30 condition. Post-hoc examination of response times indicated that assimilatory responses
tended to be faster than non-assimilatory ones.
It thus seems from these studies that assimilation occurs when a target precedes
its context, and is more prevalent when the transitions from a vowel into a consonant
are lengthened relative to the steady state. Other evidence for this effect of order was
reported by Repp (1983) and Kingston and Shinya (2003), which both found that an
ambiguous first consonant in a vowel-consonant-consonant-vowel (VCCV) sequence
was more often judged to match the second consonant in place of articulation.
Fujimura, Macchi, and Streeter (1978) found that, in a VCV sequence, when cues
to a consonant’s place of articulation provided by transitions into that consonant
mismatched the cues to place of articulation provided by transitions out of that
consonant, listeners responded with more judgments that were consistent with the
transitions out of the consonant (and into the second vowel). For example, when
listeners heard a vowel-consonant-vowel sequence with an unclear stop consonant,
such as o?o, if transitions between the first vowel and the stop were appropriate for
an /o/-to-/d/ sequence, but transitions from the stop into the second vowel were
appropriate for a /b/-to-/o/ sequence, then listeners said “b.” If acoustic material
that does not clearly belong to one segment or another, like transitions, is by default
associated to the earlier of the two segments that it straddles, then Fujimura et al.’s
results are expected. Kingston and Shinya’s and Repp’s results might be viewed as
the consonant-consonant version of this: when there is uncertainty about the identity
of two consonants, the cues to the identity of the second might be attributed to the
first if they are in close enough temporal proximity for this to be reasonable. In all
three of these cases (Fujimura et al.’s VCV and both of Kingston & Shinya’s and
Repp’s VCCV), a novel interpretation of the results is possible: the transitions into
a (first) consonant could have been attributed to the initial vowel, and thereby have
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been used as cues to the first segment alone, while the transitions out of the consonant
could have been attributed to that consonant itself.

1.3.3

Open questions about assimilation

There are several open questions about the conditions under which assimilation
occurs, and how pervasive it is, that this dissertation seeks to answer. One of these
questions is whether listeners assimilate to the first of two segments only when they
are somehow uncertain about the properties of the second segment. Another open
question is whether spectral similarity between segments is sufficient to give rise to
assimilation, or if two segments must share some auditory quality or phonological
distinctive feature in order to host assimilation. A third open question about assimilation is the source of the effect in the speech perception system. A fourth open
question is how assimilation relates to contrast. And the last open question this dissertation will address is what findings about assimilation can tell us about the speech
perception system or the phonology of the world’s languages.
At present, it is unclear how certain listeners have to be about the existence or
identity of a following segment in order to assimilate material to a preceding one.
Both Kingston and Shinya (2003) and Repp (1983) found assimilatory responses in
listeners’ judgments of potentially VCCV sequences. Their listeners were asked to
judge whether one or two consonants occurred between the vowels in their stimuli,
and what the identity or identities of those consonants were. Listeners reported more
two-consonant judgments as the duration of a silent interval, consistent with a stop
consonant’s closure, increased. But the degree of assimilation that listeners demonstrated was smaller as the closure duration between two vowels grew longer. Thus,
listeners in general assimilated from a potential second consonant to a potential first
one, but the more certain that they became that there were two separate consonants,
the less they assimilated overall.
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It may be the case that, when listeners are certain either that another sound is upcoming or what the upcoming sound will be, they assimilate less, because they know
to start disentangling the acoustic properties of a first sound from a soon-to-be heard
second one. If assimilation occurs more when the quality or identity of a following
phone is uncertain, then the effect size of assimilation might be expected to differ
across syllable positions. Assimilation effects might be expected to be smaller for
syllable onsets overall in English, because a more sonorant sound is obligatory after
an initial consonant. Word-initially, listeners could begin anticipating an upcoming
nucleus and reserving acoustic evidence from an onset and for this nucleus as soon as
that onset consonant begins. But for judgments of vowel nuclei themselves, assimilation effects would be expected to be greater overall, because coda consonants are not
obligatory, and so no structural cue is provided for the presence or absence of another
sound, only perhaps coarticulation between a target and its following context. It is
possible that listeners in Kingston et al’s. third and fourth studies preferentially attributed vowel-to-consonant transitions to the vowels they were judging because they
waited for acoustic material that was clearly inconsistent with the products of the
vowels’ articulations to begin attributing acoustic material to the coda stops. Given
that all the consonants at the ends of the syllables were voiceless stops, such unambiguous consonantal material would have taken the form of the silence of the stop
closure. Listeners could for this reason have attributed more material to the vowels
that they were judging than they otherwise would have if contextual clues to upcoming structure or uniquely identifying coarticulation had informed them about the
identity of an upcoming segment. This alternative hypothesis is perhaps undermined
by the fact that listeners in Kingston et al.’s Experiments 3 and 4 assimilated more
with lax vowel targets, even though the phonotactics of English prohibit lax vowels
in syllables without codas. But it may also be that listeners come to not rely on this
kind of phonotactic restriction as they realize that they are only hearing nonsense
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words. It is therefore useful to compare the nonsense word stimuli of those studies
with the word stimuli of the studies reported here.
In the case of stop judgments of poash, toash, paish, and taish, where nonsignificant assimilatory trends were observed, the non-significance of listeners’ assimilation judgments might thus have been the product of listeners’ knowing, based
on the utterance-initial position of the target stops, that a segment of higher sonority
must necessarily follow the segments they were judging. If assimilation is forestalled
by listeners’ greater certainty about the quality or identity of a sound to follow, it
would also be expected that certain coarticulatory cues would more strongly attenuate assimilation than others. For example, if native listeners of American English
were considering the acoustic evidence incoming during a vowel and hear evidence
of a rhotic sound, they may either stop assimilating altogether or start assimilating
far less. This could be because they would then be certain about the quality of the
upcoming sound, given that English has only one rhotic. If listeners stopped assimilating altogether before unique segments, it could be because they no longer feel
uncertainty about the acoustic consequences of the second sound in the string, and
can begin the process of perfectly entangling this second sound’s effects from the first
sound’s quality. If listeners attenuated their assimilation with greater certainty about
an upcoming sound, this could be because they were gradiently taking into account
the second sound’s effect on the first. Preliminary answers to these questions about
how listeners use evidence of a second sound during the resolution of the first in a
string will be offered from the studies presented here.
Relatively little is known about the requisite acoustic or auditory properties that
two sounds must have in common in order to host assimilation between them. Assimilation has thus far been established between vowels and voiceless stop consonants,
which are the two most dissimilar types of segments with respect to manner of articulation. It is still unknown whether listeners would assimilate more or less between two
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segments that were more similar in their manners of articulation. It is possible that
they would assimilate more, because the acoustic change between two such segments
would be smaller, and so listeners would be less confident interpreting this change as
the boundary between the two sounds. Under such conditions, it could be less clear
when some acoustic property should be attributed to a first or second sound. But it is
also possible that listeners would assimilate less between more similar sounds, because
the first sound in a sequence of two more similar phones would carry more coarticulatory information about an upcoming segment than vowel-voiceless stop transitions do.
This could allow listeners to more confidently suspend attributing incoming acoustics
to a target until it were possible to make a better-informed judgment about which
segment’s articulations likely led to which properties of the signal. Indeed, unpublished results with the same base stimuli (heat, hoot, heap, hoop) as Kingston et
al.’s Experiment 2 suggest that listeners do normally hold back from attributing the
entirety of a transitional interval to a vowel target in target-context configuration:
when the final /t/-bursts had been cross-spliced after /p/-transitions and vice versa,
listeners assimilated more than when the burst conveyed the same place as the transitions. It thus seems that the final bursts’ inconsistency with the vowel-consonant
transitions caused listeners to either attribute more of the transitional material to the
target vowels than they otherwise would, or to be more confident in this attribution,
because the following consonants would have been inappropriate hosts.
All but the lax continua in Kingston et al.’s demonstrations of assimilation so
far have relied on listeners’ reporting more rounded vowels before labial than coronal
consonants, or more labial consonants before rounded vowels than front ones. These
studies always featured a continuum from a spectrally high endpoint to a spectrally
low endpoint that occurred in the context of a spectrally high or spectrally low sound.
Assimilation was characterized by a higher proportion of “low” responses in the low
context condition relative to the high context condition. To the extent that vowels and
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consonants may share phonological features, it is possible that coronal stops and front
vowels could share a [coronal] specification or labial stops and rounded vowels could
share a [labial] specification, as proposed by Clements and Hume (1995). Because of
the way that comparisons were performed, looking at relative proportions across only
two contexts, we cannot know if assimilation in each case was driven by some feature
matching that occurred only between coronal stops and front vowels or only between
labial stops and rounded vowels. For example, Kingston et al.’s third and fourth
studies found relatively more low “2” responses before low /p/ than before high /t/.
This would not itself be attributable to place feature matching, because unrounded
/2/ would not be expected to share [labial] place with a following /p/. But the difference in “2”-proportion across /p/ and /t/ contexts could have been driven by place
feature matching of the front /E/ endpoint of that continuum with the high [coronal]
/t/ context. It is thus not possible to definitively assess whether the assimilation
in Kingston et al.’s studies relied on feature matching between stop consonants and
vowels or pre-representational auditory similarity. Furthermore, even if phonological
feature matching is not necessary for findings of assimilation, we currently do not
have information about assimilation with acoustic cues other than spectral weight.
We therefore cannot at present say what the necessary representational or acoustic
preconditions for assimilation are. It may be necessary for at least one endpoint of a
target continuum to share a phonological feature, such as place, with one context in
order for assimilation effects to arise. This would predict that the assimilation effect
would fail to generalize to conditions in which targets and contexts were acoustically
similar, but could not host the same phonological distinctive feature. Or it may not
be necessary for phonological features to be common between targets and contexts,
but spectral weight may need to be similar. If assimilation were dependent on spectral
similarity, then we would only expect two sounds that were similar in their spectral
properties to assimilate to each other, including speech and nonspeech sounds, and we
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would not expect that sounds that were similar on other acoustic dimensions to host
perceptual assimilation. Suggestive evidence that speech sound targets can assimilate
with following nonspeech contexts will be discussed in Chapter 2.
The answers to these questions about the extensibility of assimilation have profound implications for our understanding of language change. If only some segments
can host perceptual assimilation between them, then we as analysts would know that
non-perceptual sources of apparent assimilation effects should be sought for cases
other than those perceptually vulnerable segments. If we knew the relative effect
sizes of this kind of perceptual assimilation effect and other effects that can distort
what learners determine that they have heard, then we could form expectations about
the prevalence of certain sound changes relative to others. If we knew which phonological features or acoustic cues were necessary preconditions for assimilation effects
to arise, then we might explain why a certain sound change occurred in one language
but not another on the basis of the different representations or cues that these languages employed, and we might predict which languages would be most likely to host
assimilatory changes in future.

1.4

The proposal

In light of the fact that assimilation seems dependent on the order of a target and
its context, and on the existence and properties of transitional material between the
two, I advance the following hypothesis:
Preferential Leftward/Early Attribution (PLEA) Hypothesis: All
other things equal, ambiguous acoustic material will be associated to the
earlier of two possible phones, because the human perceptual system attributes all the spectral cues that are compatible with one unit of structure
to it before moving to the next.
As suggested by the characterization given in this hypothesis, for the purposes
of this dissertation, I will assume that listeners must make a decision about whether
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to parse material to one or another segment. This is not a strong claim, and the
representational status of the elements to which listeners are parsing will be further
discussed in Chapter 4, where properties of parsing models in general are discussed.
The “all other things equal” clause of this hypothesis captures the fact that assimilatory behavior is expected only in default cases, where specialized knowledge about,
for example, allophonic variation of a target as a consequence of its following context,
is not available. It would not be desirable to predict that assimilation will occur over
every target and following context. It is argued in this dissertation that there are
cases of two-segment combinations of speech sounds in which the quality of the first
segment is so dependent on the second segment that a listener can be certain about
not just the presence or quality of the following sound, but actually the unique identity of that second segment before having heard any of the acoustic properties that
are unique to it. Such high-certainty conditions are not the default cases in which
PLEA should determine listeners’ conclusions. PLEA merely provides one potential
parse of the acoustic signal, which can be dispreferred when more specific information
about the qualities of the segments in the string is available to the listener. I argue in
Chapter 3 that exactly this kind of top-down use of linguistic knowledge occurs with
the “sushi ” results of Mitterer (2006), Smits (2001a), and Whalen (1989). These are
an apparent counter-example to the directionality generalization for contrast because
listeners categorize an ambiguous fricative as spectrally high “s” before spectrally low
/u/, but low “S” before high /i/, in the target-context order that usually gives rise to
assimilation.
The reference to “ambiguous acoustic material” in this hypothesis is intended to
make it applicable to any interval in the acoustic signal that is not clearly the product of one segment’s production versus another’s. In previous studies, this ambiguous
acoustic material has been both the steady state of an intermediate continuum step
and the transition between a consonant and a vowel’s steady state, or between a
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vowel’s steady state and a following consonant. But this hypothesis intentionally predicts that transitions between consonants, for example those between two sonorants,
would be parsed in the same way due to their inherent ambiguity.
The argument for a perceptual-system general basis of this effect will be advanced
in Chapter 2, where studies of vision, tactile perception, and non-speech audition
that all demonstrate apparent attribution of evidence to the earlier of two possible
events will be discussed.
This hypothesis can account for the directional asymmetry between contrast and
assimilation in the following way: if all the acoustic material that is consistent with
an earlier sound is attributed to it, then what remains for a second sound is material
that is inconsistent with the make up of the first. If this leftward/earlier PLEA-based
attribution is an initial bias in the perceptual system’s handling of incoming material,
then it should apply before any other segmental parsing mechanisms. If spectral
contrast effects arise later in the processing stream from a comparative judgment
between two phones in a sequence, and that comparative judgment is performed only
after initial attribution of acoustic evidence, then under an attribution process that
assimilates like material to earlier phones, the directionality of the context-target
effects observed by Kingston et al. is expected. The PLEA approach could thus
account for the apparent order-based relationship of two effects that have historically
been treated as unrelated.
The PLEA hypothesis makes the prediction that when listeners face a choice about
whether to assign material to a pre-existing unit of representation or posit a new one,
listeners by default choose the pre-existing unit. The PLEA hypothesis leaves open
whether this such leftward/early attribution occurs when listeners are given explicit
(coarticulatory or structural) evidence that another unit will be required, or even
when listeners are given explicit evidence about the identity of the upcoming sound.
The PLEA hypothesis also leaves open whether two sounds that are more similar in
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manner of articulation will host more assimilation, because the boundary between
them is less clear, or less assimilation, because they are bound to be more mutually
coarticulated, and so the first sound will make more evidence about the second sound
available sooner than when two sounds are less similar.
As it is currently stated, the PLEA hypothesis also predicts that a common featural source between two segments is not a pre-requisite for assimilation. Rather,
sufficiently similar spectral weight across a target and its following context should
be enough to give rise to assimilation, as long as the other requisite conditions for
assimilation hold.
It should also be noted that, under the PLEA account, perceptual assimilatory
behavior is expected for speech only when spectral cues are at issue. For cases in
which cues are durational, or decisions require comparative duration judgments over
intervals that differ on some non-spectral dimensions, assimilatory behavior is not
expected via the PLEA heuristic. This prediction arises from the relative time courses
of the attribution decisions that would be necessary in the cases of differing spectral
weights versus durations. Because durations are necessarily temporally distributed, a
successful comparative durational judgment would require listeners to delay making
a decision about the relative lengths of the two intervals of judgment until hearing
the entirety of both. Even in the case of judging the duration of one interval for its
use as a cue, listeners would have to mark the beginning and end of the target time,
and then determine whether its length counted as a cue to one or another element in
the relevant context (i.e. relative to speech rate, place of articulation, etc.). Spectral
weight judgments do not require such temporal distribution. If one must judge the
relative spectral weights of successive tones that happen to last 300 ms each, one
does not need to hear the entirety of both in order to render a response. Instead, a
small duration, just long enough to be perceived, from each tone would be sufficient,
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and so a fast-acting initial attribution mechanism would be expected to influence the
ultimate judgment.
If the present hypothesis is correct, then spectral and durational perceptual contrast should not be explained as the output of the same mechanism(s), and segmental
contrasts that are cued by duration should not be subject to the same biases as those
that are cued by spectral weight. Judgments that must be delayed while acoustic
material is held in a buffer are not expected to be influenced by PLEA-default behavior. Suggestive evidence for this conclusion comes from the results of Kingston,
Kawahara, Chambless, Mash, and Brenner-Alsop (2009), in which listeners judged a
target sound as durationally contrasting with a preceding context sound when both
context and target were speech sounds and listeners natively spoke a language in
which the duration of a consonant varies inversely with the duration of a preceding
vowel. Durational contrast was not obtained with nonspeech sounds. Unlike this case
of durational differences between targets and contexts, spectrally-based contrast has
been established between speech targets and nonspeech contexts (Lotto & Kluender,
1998, inter multa alia). Spectral cues can thus function differently from durational
ones. PLEA further makes the strong prediction, left to be tested in future work,
that spectral assimilation should be obtained in appropriate acoustic conditions for
native speakers of all languages.
In this section, I have advanced the hypothesis that a perceptual parsing heuristic
favors the attribution of spectrally consistent material to the first of any two speech
sounds, regardless of whether the sounds share a common phonological feature or the
gestures to articulate them require a common articulator, and even when a listener is
certain that the second sound will follow. Under this account, the systematic directionality differences between assimilation and contrast are the result of this parsing
heuristic’s activity at the initial mapping from an incoming acoustic signal to linguistic representations. The extent to which this default is observed in listeners’ behavior
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is modulated by the segment-specific knowledge that listeners can bring to bear about
the characteristics that two particular phones exhibit when they are in sequence with
each other.

1.5

Overview of the dissertation

The first part of this dissertation presents the results of experiments that test
the predictions of the PLEA proposal. Five phoneme categorization studies address
(i) whether listeners assimilate to earlier segments even when they know that later
segments are forthcoming in the signal (both coarticulatory and structural cues to upcoming structure are tested), (ii) whether acoustic similarity between earlier and later
sounds encourages assimilation (assimilation between vowels and sonorant consonants
is compared with assimilation between vowels and non-sonorant consonants in both
VC and CV configurations), (iii) whether effects of the order of target and context
are replicated across different manners of articulation, and (iv) whether assimilation
is forestalled in target-context order when listeners are more certain about the identity of upcoming context sounds. Evidence about the attributes of assimilation is
presented in Chapter 2.
Chapter 3 takes up the cases in which non-standard parsing behavior applies.
It includes the results of an experiment that tests whether listeners actively apply
knowledge of segments’ covariation to engage in non-default/more segment-specific
parsing behavior when possible. Covariation of this kind occurs between two speech
sounds in a sequence if they take on particular distinctive properties only when next
to each other in that sequential configuration. Such cases may be viewed as extreme
versions of coarticulation. For example, the fricative /s/ is argued in Chapter 3 to
take on distinctive properties as a function of the vowel that follows it, such that an
/s/ before an /i/ vowel is qualitatively different from an /s/ before an /u/ vowel.
Knowledge of this kind of covariation is necessarily knowledge about language; it
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applies only to segments that exhibit unique properties next to each other. If listeners
in high-certainty cases can anticipate a following sound while hearing a preceding one,
then they should be able to predict an upcoming segment’s identity when only exposed
to the sound before it. In such cases, listeners do not need to rely on parsing defaults
such as PLEA is argued to be, and PLEA-inconsistent behavior is expected, because
this particularly high degree of predictability allows listeners to engage segmentspecific knowledge to determine what sequence of sounds has begun and how it will
conclude. This is tested in a gating study on the /s/ and /S/ sounds that are argued
to exhibit covariation with following front and back vowels.
Chapter 4 of the dissertation discusses the implications of these results for models
of segmental perception. It is argued that understanding assimilation as the product
of an error in compensation for coarticulation, or accidental misparsing in the sense
of Ohala (1981, inter alia), underestimates the prevalence and importance of the
phenomenon in segmental perception. One of the central claims advanced in this
dissertation, then, is that misparsing is a misnomer: when the parsing problem is
not viewed as one of only un-doing the products of coarticulation, then it is not a
mistake to use acoustic material that is more greatly affected by the articulation of
one sound’s gestures as evidence of the quality of another sound’s identity. Indeed,
Ohala’s account erroneously predicts that assimilation should only occur when the
acoustic cues to a context sound are weak and likely to be missed. As Kingston et al.
note, assimilation with robust contexts of the kind that they demonstrated cannot be
accommodated by the standard misparsing account. An alternate conceptualization
of the process of parsing in segmental perception is put forth: listeners apply the
most specific structure-mapping procedures, the parsing rules that map from acoustics
to segmental representations, that they can in any situation. Structure mapping
procedures can draw from non-linguistic, whether domain-general or audition-specific,
bases, or reflect linguistic knowledge about covariation among phones and phonotactic
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co-occurrence restrictions. In cases of little or no available information to cue the use
of context-specific knowledge, such as segment-specific covariation, the only mapping
procedures that listeners engage are the non-linguistically-based ones. In assimilation
contexts, this takes the form of a default early in the perceptual system that attributes
incoming material to an earlier-posited phone. In cases of high phone-covariation
and specificity, more segment-particular mapping procedures may be engaged, and
preclude the tendency toward leftward/early assimilation.
The implications of this work for understanding sound change and phonological
typology are discussed in Chapter 5. The typological trends for major place assimilation are argued to be what is expected under the existence of a default PLEA bias: a
strong tendency toward regressive assimilation in cases where the cues to a contrast
are spectral. The existence of parallel perceptual assimilation effects in other domains of cognition, such as vision, tactile perception, and non-speech audition raises
the question of whether phonologists need to or should encode such a regressive bias
into their language- or phonology-specific explanations of this phonological process.
Modeling work by Kirby and colleagues (Culbertson & Kirby, 2015; Kirby, Dowman,
& Griffiths, 2007; Smith & Kirby, 2008) is presented as a proof of concept that a
weak, domain-general bias can have profound, seemingly quite specific effects.
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CHAPTER 2
THE NATURE OF ASSIMILATION

This chapter addresses the open questions about assimilation outlined above in
1.3.3. Experiments 1 and 2 address whether listeners continue to assimilate even
when they are able to be more confident about the quality of the context that follows, and whether more assimilation takes place between segments that are more
similar with respect to manner of articulation. Experiment 3 provides more evidence
about the kind of acoustic continuity that is necessary in order for two segments to
host assimilation, and provides evidence that listeners assimilate between two sounds
unless uniquely identifying coarticulatory information resolves ambiguity about the
later of the two segements’ identities. Together with the findings of previous studies,
the results presented here suggest that listeners assimilate between phones of similar
spectral weight, regardless of their distinctive features, so long as there is ambiguity
in the acoustic signal about which phones are being heard and the transitions from
the first to the second phone are sufficiently gradual and uninterrupted.

2.1

Experiment 1: Assimilation with structurally obligatory
contexts

2.1.1

Motivation

In Experiment 1, listeners were asked to categorize word-initial stop consonants in
continua from /d/ to /b/ and /n/ to /m/ that were followed by front /i/ or back /u/
vowels. This experiment provided a test of two questions for the PLEA hypothesis.
Stop consonants like /b, d, m, n/ in this syllabic position cannot occur in isolation;
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they are obligatorily followed by a tautosyllabic segment of higher sonority. For this
reason, listeners in this study were always certain that another speech sound was
coming up when responding with their judgment about a word-initial stop’s identity.
The first question addressed is whether listeners will respond with more spectrally
high “d” and “n” responses before spectrally high /i/, and more spectrally low “b” or
“m” responses before spectrally low /u/, even when structural information provides
evidence that the transitional material from the consonant to the vowel should be
distributable to both sounds. Considering the assimilatory trend in Kingston et al.’s
Experiment 2b poash/toash study, it seems likely that listeners will still assimilate in
this context. The second question addressed is whether listeners should assimilate
more between nasal stops and vowels than oral stops and vowels, because nasal stops
are more acoustically similar to vowels than obstruent stops are. This similarity
could lead to greater assimilation rates, because the acoustic continuity across any
two more relatively similar sounds should make the boundary between those sounds
less distinct, while coarticulation between a nasal and a following /i/ may not uniquely
designate /i/ as the following sound.
Examination of listeners’ performances with voiced stops (/b/ and /d/) allowed a
test of Kingston et al.’s explanation for why the assimilation effects in their poash/toash
study did not reach significance: consonant-to-vowel transitional information was too
weakly conveyed by the aspirated transitions of the /p/ and /t/. Under this account, greater assimilation effects would be expected with voiced /b/ and /d/ than
with voiceless /p/ and /t/, because the transitions are excited by a voice source and
therefore more intense.

2.1.2

Methods

Due to a coding error in script used to run the first version of Experiment 1, listeners did not receive consistent endpoint feedback to remind them, over the course
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of the study, what the clear endpoint tokens of each continuum sounded like. Experiment 1 was run once again, with a correction to the script. Inspection of the
results of both studies revealed no differences in the qualitative patterns of listeners’
responses, nor in any other aspect of the data. For this reason, the combination of
the two versions of Experiment 1 are reported here as though they were one study.
This was taken into account in the statistical analysis reported below.

2.1.2.1

Participants

Fifty-eight participants from the University of Massachusetts Amherst undergraduate student body were recruited. All of them were native speakers of American
English who reported no history of speaking or hearing disorders, and who were not
exposed to any language other than English before the age of five. In exchange for
their participation in this study, they were given one unit of credit for either class
participation requirements or extra credit in undergraduate psychology courses. Data
from one participant were rejected, because it was clear from that participant’s apparent insensitivity to continuum step that this participant did not perform the task.

2.1.2.2

Materials

Listeners were asked to judge target initial consonants in Ctarget Vcontext words
dee, be/bee, do, boo, me, knee, moo, and new. These consonants were drawn from
twenty-step /d/ to /b/ and /n/ to /m/ continua that were synthesized from natural
models of these consonants.
Word frequencies were controlled so that they disfavored assimilatory responses
in all cases. The word do, with its co-occurrence of high /d/ before low /u/, is more
frequent than the word boo, with its low /b/ before low /u/. Listeners responding
with an assimilatory response to an intermediate step from a high /d/ to low /b/
continuum in the context of a following low /u/ would choose “b,” the response that
makes the less frequent lexical item. Similarly, the word be, with low /b/ before high

24

/i/, is more frequent than the word dee, with high /d/ before high /i/, me, with
low /m/ before high /i/, is more frequent than moo, with low /m/ before low /u/,
and new, with high /n/ before low /u/, is more frequent than knee, with high /n/
before high /i/. These words were selected so that the target consonants in this study
provided a full 2 x 2 cross of Manner (oral vs. nasal) and spectral Weight/Place (low
labial vs. high coronal) in syllable onset position, as shown in Table 2.1.
Table 2.1. Manner x Weight/Place consonantal targets in Experiment 1
Oral
High/Coronal
d
Low/Labial
b

Nasal
n
m

An adult male native speaker of mainstream American English recorded renditions
of these target word models spoken in isolation and digitized at a sampling rate of
44.1 kHz with 16-bit resolution. These tokens were divided into their consonantal
and vocalic portions.
For nasal consonants, total durations and average F0 measures were extracted
from the selected models of /n/ and /m/ before /i/ and /u/. The averages of these
values were used as the input parameters to the Pitch-Synchronous Overlap and Add
(PSOLA) synthesis function in Praat (Boersma & Weenink, n.d.). PSOLA replaced
the naturally occurring duration and pitch values from the original nasal consonant
tokens, so that it would be possible to create a continuum between them by adding
their values, without asynchronies in their oscillations canceling each other out or
creating artifacts. After these replacements, the waveforms from each appropriate
endpoint token were added together in complementary proportions in order to create
two twenty-step continua, one from the /n/ taken from the selected knee token to the
/m/ taken from the me token, and the other from the /n/ taken from the new token
to the /m/ taken from the moo token. A separate /n/ to /m/ continuum was made
to precede each context vowel in order to preserve as much as possible the natural
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differences between the nasals articulated before front vowels and those articulated
before back vowels. This would make the stimuli that listeners heard in the study as
close as possible to the speech that they normally hear, and so make the results of
this study as representative as possible of more natural listening contexts.
For voiced stop consonants, the consonant intervals were further divided into closure and burst portions. Closures, which contained periodicity as a result of voicing,
were subjected to the same extraction and replacement of duration and pitch for
PSOLA synthesis procedures as the nasal consonants. A single voiced stop closure
interval, intermediate between /d/ and /b/ in both contexts, was created to append
before all bursts. Bursts were isolated from the selected tokens of the target words,
and the /d/- and /b/-bursts from before each vowel context were mixed in complementary proportions to form twenty-step continua of bursts from dee to be and do to
boo. Again, separate voiced oral stop continua were made, one for each context vowel,
in order to preserve the natural properties of these sounds and make the stimuli as
close as possible to speech that listeners would normally encounter.
For each context vowel model, frequency values for F0, the first five formants,
and their bandwidths, as well as intensity values, were extracted from twenty-one
equidistant time points throughout the duration of the vowel. Durations, intensities,
F0, and F1 frequencies were averaged so that all vowels would have the same values
on these dimensions. F1 was averaged and held constant across all vowels, because
/i/ and /u/ are both close vowels, in the sense of how closed or open the mouth
is when they are articulated. The fifth formant was replaced by constant values of
4200 Hz with a bandwidth of 500 Hz. For the second through fourth formants, two
intervals were identified, an initial transition and a steady state, by visual inspection
of the extracted frequency values for F2. The transition was determined to have ended
when the F2 remained apparently flat for the remainder of the vowel’s duration. Out
of twenty-one time points extracted from the vowels, the average time point across
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all vowels at which this was determined to have happened was step 6, meaning that
transitions for all vowels were determined to have lasted 75 ms on average. Average
steady states for the second through fourth formants were then created to be shared by
each quality of context vowel. For example, the steady state for all /i/ vowels was the
average of the steady states from the dee, bee, knee and me models. Transitions for the
continuum endpoints remained unique to the identity of the target consonant, such
that, for example, endpoint dee contained a voiced stop closure that was shared by
all stops, a burst unique to that consonant and vowel combination, a vowel transition
interval that was unique to /d/ before /i/, and a steady state vowel interval that
was shared across all /i/ endpoints. From these endpoint vowel models, the Klatt
synthesizer (Klatt & Klatt, 1990) in Praat was used to create twenty-step continua
from /i/ after /d/ to /i/ after /b/, /i/ after /n/ to /i/ after /m/, /u/ after /d/ to /u/
after /b/, and /u/ after /n/ to /u/ after /m/. In this way, context vowels preserved
the qualities of the target consonants that preceded them just during the consonantvowel transition intervals of the stimuli. In order to append nasal target consonants
to their following context vowels, the minimum possible amount of waveform from
the end of the nasal and the beginning of the vowel token for each continuum step
was trimmed so that the segments could meet at a smooth upward zero crossing.

2.1.2.3

Procedure

Participants judged steps 1, 3, 8, 9, 10, 11, 12, 13, 14, 18, and 20 of twentystep /n/ to /m/ and /d/ to /b/ continua. Each participant responded to 648 total
trials (((4 presentations per block x 11 steps x 2 manners x 2 places * 3 repetitions
= 528 testing trials) + (10 endpoint or near-endpoint training * 2 manners * 2
places * 3 repetitions = 120 training trials)) = 648). This yielded 12 responses per
stimulus. Sound files were played over Sennheiser HD 280 Pro headphones plugged
into Apple desktop/monitors, which showed the response options on the screen, with
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the left or right position of each letter indicating which of two buttons each response
corresponded to. Side of response letter presentation was counterbalanced across
participants. Stimulus presentation was controlled using PsychToolBox (Kleiner &
Pelli, n.d.) in Octave, and responses were collected using the peripheral two buttons
on a three-button box plugged via USB port into the presenting computer. Both
categorical response judgments and response times were recorded. Only responses
that occurred within 1500 ms of the stimulus onset were recorded. The next trial
began 750 ms after the previous trial ended. Practice trials were drawn from steps
1, 3, 18, and 20 of each of the continua. After each practice trial with the most
peripheral steps 1 and 20, participants saw a letter on the screen for 750 ms indicating
which consonant endpoint they just heard. No feedback was displayed after practice
trials with steps 3 and 18. During the experiment, listeners also saw a consonant
letter on the screen after an endpoint stimulus, so as to help them maintain their
representations of the clearest possible consonants that occurred in the study. These
letters appeared regardless of the responses that preceded them, and participants
received no feedback about the correctness of their responses at any time. Participants
were presented with stimuli in blocks, with each block containing all of the test stimuli
from one combination of manner and place four times, and participants were given
the opportunity to rest for as long as they liked between blocks.

2.1.3

Results

Proportions of “low” responses, “m” and “b,” in each vowel context are plotted in
Figure 2.1. As evident in Figure 2.1 and Table 2.2, listeners responded low “m” and
“b” more often before back /u/ than front /i/. The nasal continuum in the context of
/i/ exhibited unusual behavior, in that listeners’ responses at or near endpoints did
not display the expected values. Responses at or near step 1 had a clearly greaterthan-zero proportion of low “m” responses for the sound files that should sound most
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like the spectrally high endpoint word knee. Responses at or near step 20 reached
only a 0.5 proportion of “m” responses at the endpoint of the continuum that should
sound most like the word me. This was unexpected, and must remain unexplained for
the time being, but its replication across both versions of the study suggests caution
is necessary when interpreting the trends in these results. This strange continuum
behavior directly contributes to the impression that the assimilation effect was greater
in nasal than oral targets, such that the difference in low “m” responses across low
/u/ and high /i/ contexts was greater than the difference in low “b” responses across
low /u/ and high /i/ contexts. Until more is known about the reasons for the nonstandard behavior of the knee to me continuum, however, this trend must not be
viewed as representative of listeners’ perceptual behavior.
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Figure 2.1. Experiment 1 mean proportions of spectrally low “b” and “m” responses
across spectrally high coronal to low labial /d/ to /b/ and /n/ to /m/ continua in
the contexts of spectrally high /i/ and low /u/ vowels

.
A mixed effects logistic regression with fixed effects of centered and scaled continuum Step, vowel context Place (back = 0.5 vs. front = -0.5), consonant target
Manner (nasal = 0.5 vs. oral = -0.5), and their interactions, as well as maximal
random effects structure for both participants and experiment versions, was fitted to
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listeners’ responses. Back vowels like /u/ are spectrally lower than front vowels like
/i/, and so the proportion of low “m” or “b” responses in target-context configurations is expected to be higher in the contexts of low back /u/ than high front /i/
vowels if assimilation takes place. This contrast coding tests for the possibility that,
if there is a difference between nasal and oral stop manners of articulation, segments
articulated with a nasal manner of articulation could be assimilated more than stops
articulated with only an oral closure in the contexts of following vowels, because the
greater acoustic similarity between nasals and vowels makes it harder for listeners to
discern a boundary between them than between oral stops and vowels. The difference in the proportion of “low” responses across low /u/ and high /i/ contexts is thus
predicted to be greater for nasal than oral target consonants. The fixed effects table
is given in Table 2.2.
Table 2.2. Fixed effects table for mixed effects logistic regression on Experiment 1
Fixed effects
β̂
Std. error
z
Intercept -1.02
0.15
-6.76
Step 2.93
0.17
17.50
Manner 1.34
0.19
7.22
Place 0.59
0.23
2.60
Step x Manner -1.38
0.16
-8.73
Step x Place 1.91
0.18
10.84
Manner x Place 0.74
0.38
1.92
Step x Manner x Place 1.78
0.29
6.14

p
< 0.001
< 0.001
< 0.001
< 0.01
< 0.001
< 0.001
0.06
< 0.001

This model revealed significant main effects of Step, such that the proportion of
spectrally “low” responses increases toward the spectrally low end of each continuum,
Manner, such that the nasal continua received overall more “low” responses than oral
ones, and Place, such that listeners responded with more spectrally “low” responses
before the spectrally low back vowel /u/, consistent with an assimilation effect. Three
interactions were significant: Step x Manner, such that increasing by a step on the
continuum increased “low” responses more consistently for oral than nasal stops, Step
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x Place, such that increasing by a step on the continuum increased “low” responses
more consistently before /u/ than before /i/, and Step x Manner x Place such that
increasing by one step on the continuum more consistently increased “low” responses
across both nasal and oral stops before /u/, while increasing by one step less consistently increased “low” responses for nasal than oral stops before /i/. All of these are
as expected given the proportions in Figure 2.1. A marginally significant interaction
of Manner x Place was also found, such that if there is a difference between nasal
and oral stops, it is that the difference in proportion “low” responses between the /i/
and /u/ contexts is greater for the nasal than the oral continua. This means that, if
there is a difference between nasal and oral stops in their degree of assimilation, it is
that there is more assimilation onto nasal than oral targets. But, as will be discussed
below, this must be understood as a possible, not definitive, tendency in listeners’
responses.

2.1.4

Discussion

The results of Experiment 1 are in accord with the predictions of the PLEA
hypothesis: listeners assimilate even when they have early evidence during a target
sound that there will be an upcoming phone to which acoustic evidence must be
attributed. The marginally significant trend in the Manner by Place interaction
indicates that, if there is a difference between the two target manners of articulation in
how much they assimilate, it is such that assimilation is greater with nasal targets, the
manner of articulation that is more similar to the following vowel contexts. Further,
the significance of the assimilation effect found here with voiced stops suggests that
Kingston et al.’s explanation for the mere trend in their Experiment 2b poash/toash
assimilation study is on the right track: something about the aspiration intervals
of voiceless stops, which English voiced stops lack, attenuates assimilation. More
potential evidence for this view is discussed in Chapter 3.
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While these results are consistent with the PLEA hypothesis, it is possible that
this pattern would not generalize to other evidence for upcoming sounds or other
similar segments. The difference in nasal versus oral contexts is driven by the fact
that responses for the /n/ to /m/ continuum before /i/ were so non-categorical;
the proportion of low “m” responses at the /n/ endpoint was well above 0, and the
proportion at the /m/ endpoint was well below 1, barely above 0.5. It could be
that nasals before high front vowels are particularly difficult to differentiate without
the aid of visual information about speakers’ articulations or a sentential context to
support one lexical item over another, and that a tendency to perceptually assimilate
from spectrally high /i/ to high /n/ overrides any bias that would favor the “m”
response consistent with the more frequent word, me. These results may thus have
limited generality, although the greater overall proportions of low “m” responses to
the nasal continuum before /u/ than the oral continuum before /u/, together with
a greater proportion of high “n” responses before /i/, does suggest that nasals were
more susceptible to assimilation as a class of one manner of articulation, not just
those before /i/.
Structural evidence for the existence of an upcoming sound during an onset stop
consonant may be leveraged differently from coarticulatory evidence for the quality
of a particular second phone. While phonotactic necessity may only help to narrow
the set of possible following sounds slightly, coarticulatory evidence may be much
more restrictively identifying of a small class, or even unique single segment. It may
be worth noting here that, even across the conditions of Experiment 1, there are
differences in the numbers of segments that are possible following sounds: syllable
onset /d/ and /b/ can be followed by liquids, glides, or vowels, while onset /n/ and
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/m/ can only be followed by glides and vowels in English1 . Because assimilation is
greater with nasal than oral stop targets, we may reason that this difference in degree
of phonotactic restriction about upcoming segments did not hamper listeners’ ability
to perform assimilation. Experiment 2 tests whether coarticulatory cues to upcoming
structure lead to different outcomes.

2.2

Experiment 2: Assimilation with contexts signaled by
coarticulation

2.2.1

Motivation

In Experiment 2, listeners were asked to categorize vowels from spectrally high
/e/ to low /o/ vowel continua that were followed by either nasal spectrally high /n/
and low /m/ or oral spectrally high /t/ and low /p/ stop consonants. Vowels that
precede nasal consonants contain evidence of nasalization during the course of their
clearly-vocalic steady state acoustic material, while vowels that precede oral stop
consonants do not contain such evidence about the nature of any following sounds.
This experiment thus provided an opportunity to test how listeners leverage incoming
acoustic material in a different configuration, and with different cues to upcoming
structure, from Experiment 1. PLEA predicts that listeners should assimilate even in
the presence of coarticulatory cues to upcoming structure during target sounds, unless
covariation between a target and its following context is so indicative of the identities
of both sounds that listeners no longer need to base their decisions on incrementallyunfolding lower-level evidence. In the case of the present study, PLEA predicts that
listeners should respond with more spectrally low “o” vowels before both low /m/
and /p/ contexts, and more spectrally high “e” vowels before both high /n/ and /t/

1

The distribution of the glide /j/ after /n/ in English is more restricted than after /m/. While
mute and mutiny reliably contain [mj] clusters, words such as nude and news only contain [nj] in
some dialects of British and Southern American English
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contexts, because nasalization does not uniquely identify an upcoming sound, and
these nasals do not uniquely co-vary with these vowels.
It is unclear, however, whether PLEA predicts that listeners should assimilate
more between vowel targets and nasal stop contexts than between vowel targets and
oral stop contexts. While vowels and nasal stops are more similar to each other
than vowels and oral stops, the acoustic consequences of nasalization in a preceding
vowel are antiformants. Antiformants attenuate the vocalic signal, and may introduce
enough discontinuity or weakening of the transitions between a vowel’s steady state
and its following consonant to be disruptive to assimilation, in much the same way
that aspiration may have done for word-initial voiceless stops in Kingston et al.’s
second assimilation study. It would therefore be entirely consistent with the PLEA
hypothesis if listeners were to assimilate either more or less between vowels and nasal
stops. If listeners assimilate more before nasals, it could be because of greater acoustic
similarity between vowels and nasals as a consequence of both kinds of segments
having relatively more sonorous manners of articulation. But if they assimilate less
before nasals, it could be because of attenuation of the formant transitions necessary
for assimilation to take place. Experiment 2 may thus be viewed in the same spirit as
phonetic studies in which listeners are presented with opposing cues to the identity
of a target sound, and resolve them systematically with clear preference for the use
of one cue over another: similarity in manner of articulation may provide enough
continuity between targets and contexts to enhance assimilation, or weakened formant
transitions may provide enough discontinuity to attenuate it.

2.2.2
2.2.2.1

Methods
Participants

Thirty-four participants meeting the same inclusion criteria were recruited from
the same population and compensated in the same way as those for Experiment 1.
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2.2.2.2

Materials

Listeners were asked to judge target vowels in the real CVtarget Ccontext words came,
comb, cane, cone, cape, cope, Kate, and coat. These vowels were drawn from twentystep /e/ to /o/ continua created in almost the same way as the context vowels for
Experiment 1. The selection of these target words introduced possible biases based
on word frequency, with came and coat being far more frequent than the other words
in the nasal and oral stop coda conditions, respectively. Importantly for the purposes
of later interpretation, favoring the /e/ vowel before /m/ and the /o/ vowel before /t/
favored the non-assimilatory response in both cases, and so an assimilation effect could
not be attributed to a word frequency-based bias. These vowels differed from those in
Experiment 1 in that the crucial transitions were the vowel-consonant transitions out
of the vowels, and the pre-nasal vowels were nasalized by the introduction of nasal
formants and antiformants starting half way through the vowels’ total duration. These
were formants at 500 and 950 Hz and antiformants at 666 and 1338 Hz.
The context consonants /t, p, n, m/ provided a full 2 x 2 cross of Manner (oral
vs. nasal) and spectral Weight/Place (low labial vs. high coronal) in coda position,
as shown in Table 2.3. Nasal and oral stops were created in the same way as those
in Experiment 1, except that the closure for voiceless stops was silent, not containing
any energy.
Table 2.3. Manner x Weight/Place consonantal contexts in Experiment 2
Oral
High/Coronal
t
Low/Labial
p

Nasal
n
m

The onset of all the test syllables was the same velar voiceless stop /k/. This
was made from mixing in equal proportions the naturally occurring /k/ burst and
aspiration intervals across the different individual tokens of /k/ before each endpoint
vowel and context consonant. Thus, the stimulus /k/ was the grand average of all of
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the /k/s from the base tokens of came, comb, cane, cone, cape, coat, Kate, and coat.
This was so that the initial consonant would not bias participants more or less in one
condition or another.

2.2.2.3

Procedure

The procedure was the same as that for Experiment 1.

2.2.3

Results

Proportions of low “o” responses in each consonantal context are plotted in Figure
2.2. As evident in Figure 2.2 and Table 2.4, listeners responded low “o” before low
contexts, both more often in front of /m/ than /n/ and more often in front of /p/
than /t/. Listeners unexpectedly responded low “o” more before both oral contexts
than both nasal contexts. This is visible in the dashed curves to the left of the solid
curves in Figure 2.2.
A mixed effects logistic regression with fixed effects of centered and scaled continuum Step, context Place (labial = 0.5 vs. coronal = -0.5), and Manner (nasal = 0.5
vs. oral = -0.5), and their interactions, as well as de-correlated random slopes and
intercepts for participant, was fitted to listeners’ responses. Unlike the random effects
of the model for Experiment 1, these were de-correlated in order to achieve convergence. Labial segments like /m/ and /p/ are spectrally lower than coronal segments,
and so the proportion of spectrally low “o” responses in target-context configurations
is expected to be higher in the contexts of labial than coronal consonants. Absent a
clear prediction for the nasal versus oral context comparison, the nasal/oral contexts
were contrast coded as though nasals were expected to increase the degree of observed
assimilation. The fixed effects table is given in Table 2.4.
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Figure 2.2. Experiment 2 mean proportions of spectrally low “o” responses across
spectrally high front to low back /e/ to /o/ continua in the contexts of following
spectrally high coronal /t/ or /n/ and low labial /p/ or /m/ consonants

This model revealed significant main effects of Step, such that the proportion of
spectrally low “o” responses increases toward the spectrally low end of each continuum, Manner, such that the vowel continua before oral contexts received overall more
“o” responses than the ones before nasal contexts, and Place, such that listeners responded with more spectrally “o” responses before the spectrally low labial /p/ and
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Table 2.4. Fixed effects table for mixed effects logistic regression on Experiment 2
β̂
Std. error
z
Fixed effects
Intercept 0.49
0.30
1.63
Step 4.77
0.40
11.88
Manner -2.67
0.51
-5.27
Place 0.94
0.26
3.65
Step x Manner -0.01
0.35
-0.032
Step x Place 0.32
0.30
1.06
Manner x Place -0.37
0.32
-1.16
Step x Manner x Place 0.79
0.47
1.68

p
0.10
< 0.001
< 0.001
< 0.001
0.97
0.29
0.25
0.09

/m/ than spectrally high coronal /t/ and /n/, consistent with an assimilation effect.
No interactions were significant, such that there is no evidence that one fixed effect
more greatly influenced listeners’ responses across one versus another level of another
fixed effect.

2.2.4

Discussion

The results of Experiment 2 are consistent with the predictions of the PLEA
hypothesis. Listeners assimilated in both oral and nasal contexts, even when coarticulatory information present in the steady state of the vowel cued them to the presence
of an upcoming nasal segment. There is no significant interaction between Manner
and Place (p = 0.25). It is thus possible that there is no difference between the rates
of assimilation across the two manners of the context consonants. This could have
been because the evidence in the acoustic signal did not lend itself to any greater
degree of assimilation due to the discontinuity introduced by nasal antiformants during vowel-to-consonant transitions. If listeners attribute acoustic evidence leftward
only so long as the change between one moment of the signal and the next is suitably
gradual, then the presence of nasal antiformants introduced mid-way through the
vowel could have already disrupted the attribution of evidence to it. However, these
results are also consistent with the possibility that listeners would have assimilated
more in nasal conditions, due to the greater continuity with preceding vowels, but
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they implicitly leveraged nasalization to gradually stop their normal leftward evidence
attribution earlier in nasal context conditions than in the oral stop ones. It could
have been the case that the acoustic signal itself was continuous enough in the nasal
conditions that more assimilation would have been possible, but the coarticulation
between the nasal context and the target vowel was so informative about the upcoming nasal segment that listeners forestalled their assimilation. This latter possibility is
perhaps undermined, however, by the fact that nasalization does not convey evidence
about an upcoming nasal’s place of articulation, for which spectral weight cues would
primarily be used.
Listeners also responded with more spectrally low “o” responses before both oral
than both nasal contexts, a pattern that is unexpected under-, but not inconsistent
with, the PLEA hypothesis. It is unclear what the source of this difference is. If
it is the case that listeners use vowel nasalization to stop assimilating sooner before
/m/, but still assimilate across /m/ and /n/, then it is possible that in a replication
of this study, the /t/ and /m/ curves would reverse or intersect. But the separation
of the categorization functions for /t/ and /m/ contexts is at least as big as the
differences between the /p/- and /t/- or /m/- and /n/-context curves that indicate
assimilation, suggesting that this separation could be robust. Nasal antiformants
may have attenuated energy more at lower than higher frequencies, making nasalized
vowels overall spectrally higher than oral vowels, and resulting in more spectrally
high “e” responses than in both oral contexts. But understanding the source of this
pattern must be left for future research.
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2.3

Experiment 3A: Assimilation with contexts that differ in
spectral weight, not features

2.3.1

Motivation

In Experiment 3A, listeners were asked to categorize vowels in continua from
/i/ to /u/ that were followed by lateral or stop consonants. Like vowels that occur
before nasals, vowels that precede lateral consonants contain evidence of an upcoming
/l/ during the course of a vowel. Laterals in American English occur in light and
dark versions; light /l/ produces spectrally higher energy, and is articulated with the
tongue tip raised toward the alveolar ridge before the tongue dorsum retracts toward
the uvula, while dark /l/ produces spectrally lower energy, and is articulated further
back in the mouth by the simple retraction of the tongue dorsum. Some American
English speakers produce both of these, but in restricted syllabic positions, such that
they produce light /l/s in syllable onsets, and dark /l/s in syllable codas. Other
American English speakers produce dark /l/s in all syllabic positions. No American
English speakers produce only light /l/ in all syllable positions. Because all versions
of /l/ map to the same single phone in American English, many phonologists would
expect that no distinctive feature differentiates light and dark /l/ at the level of their
underlying representations.
Sproat and Fujimura (1993) demonstrated that acoustic and articulatory differences between light and dark /l/s are continuous rather than categorical, such that
even speakers who usually articulate lateral segments one way or another on the basis
of syllable structure do produce acoustically and articulatorily intermediate tokens
in those same syllable positions. Their findings demonstrated that the measurable
darkness of a coda lateral correlates with the length of the rime of the syllable in
which it occurs, and some of the measurably lightest within-word coda laterals can,
in fact, be lighter than onset laterals. On the basis of these findings, Sproat and Fujimura argued that there is no categorical representational distinction between light
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and dark /l/, whether in the form of a distinctive phonological feature or two separate segments. Rather, the differences between these versions of /l/ are differences
of phonetic implementation alone: the lightness of an /l/ is a function of how early
the tongue tip is raised toward the alveolar ridge relative to when the tongue dorsum
retracts toward the uvula as a consequence of pulling in the sides of the tongue.
In all the experiments in which assimilation effects have been found thus far,
coarticulation between target sounds and context sounds was not uniquely identifying
of the context sound. In Experiment 3A, listeners were asked to categorize vowels
that contrast with each other in the lexicon of the language (e.g. steel and stool )
in the contexts of two possible realizations of one and the same underlying segment,
/l/, the coarticulatory properties of which are unique to its manner of articulation. If
listeners only use perceptually assimilated parses of the acoustic signal when no more
context-specific evidence is available, then they may be expected to not assimilate in
the lateral conditions.

2.3.2
2.3.2.1

Methods
Participants

Twenty-nine participants from the same subject pool were recruited and rewarded
in the same way as for Experiments 1 and 2.

2.3.2.2

Materials

As in Experiment 2, listeners were asked to judge target vowels in (C)CVtarget Ccontext
words steel, stool, seat, suit, seep, and soup. Target vowels were drawn from twentystep /i/ to /u/ continua that were synthesized from natural models of these produced
vowels in the context of following laterals (light and dark /l/) or following stops (/p/
and /t/). The onsets for /l/-final stimuli were different from those for the /p/- and
/t/-final ones so that all conditions could use real words. The coronal place of articulation for all the consonants in onset position made the spectral consequences of the
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onsets likely to be the same in all conditions. The word frequencies were not ideally
balanced, with steel/steal far more common than stool, and seat far more common
than suit or soup. However, the difference in frequencies on all measures is greater
between seat and the other /p/- and /t/-final conditions than between steel/steal and
stool. If listeners were to be guided by lexical statistics alone, then we might expect
more “i” responses in seat than to steel/steal, regardless of the lightness or darkness
of the following lateral. Thus, these proposed stimuli are frequency-biased against
a potential interaction in which more assimilation occurs in lateral-final conditions
than in stop-final conditions, but this frequency imbalance could not directly affect
the overall potential for assimilation in lateral contexts. The proposed coda context
consonants provided a full 2 x 2 cross of Manner (lateral vs. oral) and spectral Weight
(low vs. high), as shown in Table 2.5.
Table 2.5. Manner x Weight/Place consonantal contexts in Experiment 3
Oral
High
t
Low
p

Lateral
light l
dark l

Two different male speakers produced each endpoint model in isolation. One is the
same native speaker of American English who produced the stimuli for Experiments
1 and 2, who reliably produces dark laterals in all syllabic positions. The other is a
native speaker of Hessian German, who reliably produces light /l/ even in syllabic
codas.
The lateral contexts were produced in the same way as the nasal consonants in
Experiments 1 and 2, and the oral stop contexts were produced in the same way as
the oral stop consonants in Experiment 2. Onset fricatives for /s/ and /st/ were
created by mixing the original tokens of the American English speaker’s fricatives in
equal proportions. One grand averaged /s/ was made for single onset /s/ by mixing
all four of the /s/s from the tokens of the American English speaker’s tokens seat,
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seep, suit, soup, and another grand averaged /s/ for use in the /st/ onset cluster was
made by mixing the two /s/s from the American English speaker’s tokens of steel
and stool (the German speaker would not natively have /s/ in this position, and so
his tokens were not useful for this purpose). Similarly, the /t/-bursts from the same
tokens of steel and stool were also mixed to make a single /t/ burst. Both fricatives
and the /t/-burst were band-reject filtered so as to remove energy from 900 to 2200
Hz that could have undesirably conveyed information about following second formant
values. This property of /s/ will be discussed in greater detail in 3.4.

2.3.2.3

Procedure

The procedure was identical to that of Experiments 1 and 2.

2.3.3

Results

Proportions of low “u” responses in each consonantal context are plotted in Figure
2.3. As can be seen in Figure 2.3 and Table 2.6, listeners responded low “u” more
before the low context /p/ than before the high context /t/. The basic assimilation
finding was thus replicated in the oral stop contexts. Listeners responded with more
low “u” before high light /l/ than low dark /l/, which is consistent with the predictions
of the PLEA hypothesis only if listeners do not engage assimilatory evidence construal
in the presence of uniquely identifying coarticulation.
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Figure 2.3. Experiment 3A mean proportions of spectrally low “u” responses across
spectrally high to low /i/ to /u/ continua in the contexts of following spectrally high
coronal /t/ or light /l/ and low labial /p/ or dark /l/ consonants

A mixed effects logistic regression with fixed effects of centered and scaled continuum Step, consonant context spectral Weight (low = 0.5 vs. high = -0.5), consonant
context Manner (lateral = 0.5 vs. oral = -0.5), and their interactions, as well as
maximal random effects structure for participants, was fitted to listeners’ responses.
Segments like dark /l/ and /p/ are spectrally lower than light /l/ and /t/, and so
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the proportion of low “u” responses in target-context configurations is expected to
be higher in the former contexts. The fixed effects table is given in Table 2.6.
Table 2.6. Fixed effects table for mixed effects logistic regression on Experiment 3A
Fixed effects
Intercept
Step
Manner
Weight
Step x Manner
Step x Weight
Manner x Weight
Step x Manner x Weight

β̂
Std. error
z
1.27
0.29
4.44
5.06
0.46
10.96
-1.14
0.32
-3.56
-0.20
0.16
-1.26
-0.54
0.37
-1.46
-0.12
0.34
-0.35
-2.77
0.46
-6.06
-1.68
0.61
-2.74

p
< 0.001
< 0.001
< 0.001
0.21
0.14
0.73
< 0.01
< 0.01

This model revealed significant main effects of Step, such that the proportion of
spectrally low “u” responses increases toward the spectrally low end of each continuum, and Manner, such that the oral continua received overall more low “u” responses
than the lateral ones. No significant main effect of context Weight was found, indicating no overall assimilation effect. The interaction of Manner x Weight was significant,
such that listeners responded with more low “u” before spectrally low oral stop /p/
than spectrally high oral stop /t/, but more low “u” before spectrally high light /l/
than spectrally low dark /l/. This crossover interaction indicated an assimilation
effect between vowel targets and following oral stop contexts, but a backward contrast effect between vowel targets and following lateral approximant contexts. The
interaction of Step x Manner x Weight was also significant, such that the interaction
of Manner x Weight is overall greater as step increases for each successive step of the
continuum (until the clearly /u/-like at and next to the low endpoint).
2.3.4

Discussion

Only the oral stop contexts of Experiment 3A display assimilatory responses.
Listeners responded with more low “u” before high light /l/ and more high “i” before
low dark /l/. This finding of a target-context, or “backward,” contrast effect across
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the light versus dark lateral contexts is not explained by the present account. The
PLEA hypothesis could explain either no difference between the oral and lateral
contexts, or a greater degree of assimilation in the oral than the lateral contexts,
if it were the case that listeners used coarticulatory information to forestall their
assimilation of incoming material when they had more robust evidence about the
identity of an upcoming context. But a total reversal of the normal order effect is not
predicted, unless there were a reason, as yet unknown, for which listeners’ judgments
in these lateral contexts were not governed by continuous spectral weight cues.
In order to address the possibility that these results were somehow the product
of artifacts introduced by the stimulus production process, acoustic analyses of the
stimuli from this study were carried out on the /i/ and /u/ endpoints from all continua. Suggestive evidence was sought for two possible explanations for the lack of
assimilation in Experiment 3A other than the use of uniquely identifying lateral coarticulation to forestall assimilation followed by some other contrastive comparison.
The first possible explanation examined was that the lateral contexts, although produced by native American English and Hessian German speakers who have only dark
and light /l/s, respectively, in syllable final position, nonetheless were not appropriately spectrally weighted to serve as the desired low and high contexts. Given the
gradience and variation in light versus dark laterals observed by Sproat and Fujimura,
it is possible that the particular tokens selected were too low for a normal light /l/
and too high for a normal dark /l/. The second possible explanation considered for
the lack of assimilation is that the acoustics over the course of the vowel-consonant
transitions in the lateral contexts were not sufficiently gradual to host assimilation.
This could have been because the vowel-consonant transitions were overly abrupt, because the waveform trimming necessary to append the target vowels to their following
laterals introduced a further percept of discontinuity between the clearly-vowel and
clearly-lateral intervals, or because laterals themselves resemble nasals in having both
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characteristic antiformants and formants. These antiformants could have introduced
abrupt spectral changes that led to an acoustic discontinuity, and supported the percept of two discrete intervals corresponding to the vowel and the lateral, with no need
to attribute ambiguous material between them, because there was not any. If PLEAbased assimilation relies on gradual enough change and smooth transition between
two sounds for it to be possible that some of a second sound’s acoustic consequences
are attributed to the sound before it, then these properties of the stimuli could have
prevented assimilation from occurring. Neither of these two alternate possibilities
would predict contrast effects, however. If either of them were the underlying cause
of a lack of assimilation, then contrast would still have to be explained, perhaps as the
result of listeners performing comparisons on something other than spectral weight
differences.

2.3.5

Acoustic analyses of Experiment 3A stimuli

Acoustic measurements focused on the transitions from the vowels’ steady states
to the following context consonants (35 ms), and, in the lateral contexts, the first part
of the laterals themselves (52 ms). Unlike natural speech tokens, it was possible to
demarcate a clear boundary between each vowel and following lateral context, because
the lateral contexts were substantially less intense than the vowels that preceded them.
The vowel-consonant transition interval in particular was examined, because Kingston
et al.’s (in preparation) results demonstrated that gradualness of formant transitions
modulates listeners’ rates of assimilation. This suggests that the transition interval
is crucial for supporting assimilatory percepts. Acoustic measurements consisted of
finding the spectral center of gravity in 17ms sub-intervals from the vowel to the
lateral, as well as the changes in F2 frequency during transitions or between vowels
and their following laterals.
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2.3.5.1

Center of gravity measurements

The continuum endpoint sound files from each lateral context were filtered, such
that energy below 500 Hz or above 3000 Hz was removed, in order to gain spectral
center of gravity measurements that were independent of F0 or F1. This was motivated by the fact that it is the other formants, F2, F3, F4, and higher, that are
expected to cue the place of articulation of these vowels and laterals. Centers of
gravity measured for each interval of each endpoint stimulus are given in Table 2.7.
Table 2.7. Center of gravity measurements for vowel transitions and lateral contexts
in Experiment 3A

/i/
/u/
/i/
/u/

Transition
0-17ms 17-35ms
light /l/
2272
1611
light /l/
933
841
dark /l/
2132
1313
dark /l/
836
666

0-17ms
1140
1166
752
752

Lateral
17-35ms 35-52ms
964
922
858
960
679
699
680
699

As expected, the dark /l/ contexts had overall lower centers of gravity, especially
when one compares each vowel endpoint’s transitions before dark /l/ to that same
vowel’s transitions before light /l/. For this reason, we can be certain that the contexts that were supposed to be the spectrally lower ones, the dark /l/s, were indeed
appropriately spectrally weighted for the study.
2.3.5.2

Assessment of acoustic continuity

All of the continuum endpoint files from Experiment 3A were examined in order
to determine the properties of the second formant’s transitions from the vowel steady
states into following contexts. The transition interval for all of the stimuli in Experiment 3A had been set at 35ms, or about 15ms shorter than the shortest transitions
in Kingston et al.’s (in preparation) 70:30 steady state-transition ratio condition of
their fifth study. Measurements of the second formant’s values allowed a preliminary
test of the explanation for Experiment 3A’s unexpected findings that the properties
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of these stimuli introduced by the stimulus creation pipeline (shorter transitions, the
clear separability of laterals from their preceding vowels) could have diminished the
degree of the assimilation effects that would otherwise have been observed.
Starting and ending F2 frequency values for the transitions in the endpoint stimuli
for both lateral and oral contexts are given in Table 2.8. These were extracted using
the same Praat script that was used to extract formant values from the vowel natural
models for stimuli in all of the experiments reported here. Total change across this
interval is given in Hertz as well as log-transformed Hertz to better approximate
the auditory magnitude of the change. Starting F2 values in the lateral contexts
themselves are presented, as well as the change from the final vowel F2 measurement
to the first lateral F2 measurement.
Table 2.8. F2 measurements for vowel transitions and lateral contexts in Experiment
3A
Endpoint
/i/
/u/
/i/
/u/
/i/
/u/
/i/
/u/

Context
t
t
p
p
light /l/
light /l/
dark /l/
dark /l/

Transition
Start End
2069 2013
1085 1285
2068 1916
983
905
2065 1705
1001 1013
2063 1786
1010 1260

Start-End
Lateral
Hz.
Log
Start
56
0.03
-200 -0.17
152
0.08
78
0.08
355
0.19
1833
-12 -0.003
1240
277
0.15
1726
-250 -0.23
1006

Vowel-Lateral
Hz.
Log
-128
-0.07
-227
-0.20
60
-0.03
254
0.23

The extracted F2 values at the beginning and end of the vowel transitions in these
stimuli are given in the two Transition columns of Table 2.8. Inspection of the F2
frequency changes across the vowel-oral stop transitions, which hosted assimilation,
compared to the vowel-lateral approximant transitions, which did not host assimilation, does not lead to the impression of more extreme rates of change from vowels
to laterals than from vowels to oral stops. The direction of spectral change between
the last measured value in the transition and the first measured value in the lateral
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is in the expected direction: the onset of the light lateral is higher than the offset
of the vowel transition, while the onset of the dark lateral is lower. Both differences
are also greater for /u/ than /i/. But comparison of vowel ending F2 values and
corresponding lateral beginning ones does suggest that the potential discontinuity
between pre-lateral vowels and their following contexts was large enough to be audible to listeners. This can be assessed by comparing the Transition End column
with the Lateral Start column in Table 2.8. The difference between the transition
end F2 value and its following lateral is given in the Vowel-Lateral columns. The
absolute value of the differences between the last-trackable F2 of a pre-lateral vowel
and the first-trackable F2 of that following lateral itself ranged from 60 to 254 Hz,
with a mean of 167Hz. These shifts in F2 frequencies would necessarily have been
abrupt, due to the trimming at the end of the vowel and beginning of the lateral
that took place in the manufacture of these stimuli. It is therefore possible that an
alternate stimulus manufacture method, one that better allows gradual changes in
formant values, would support assimilation with lateral contexts. This possibility is
tested in Experiment 3B.

2.4

Experiment 3B: Assimilation with more continuous contexts

2.4.1

Motivation

In Experiment 3B, listeners were again asked to categorize vowels from high /i/
to low /u/ continua taken from the contexts of preceding /s/ or /st/ and following
/t/, /p/, light /l/, or dark /l/. Unlike Experiment 3A, the synthesis method used
to create the stimuli employed in this study did not necessitate the introduction of
discontinuities in the second formant, or an audible difference between the intensities
of the vowels and the lateral contexts. The /i/ endpoints for light /l/ from Experiment
3A and Experiment 3B are shown in Figures 2.4 and 2.5, respectively. As can be seen
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in the spectrograms, the final lateral context for Experiment 3A is significantly less
intense than the vowel that preceded it, while the final lateral context for Experiment
3B is much more similar to the vowel that preceded it.

Figure 2.4. Spectrogram of the /i/ continuum endpoint before a light /l/ in the word
steal in Experiment 3A. Note the much fainter lateral formants in this compared to
the below spectrogram from Experiment 3B.

Figure 2.5. Spectrogram of the /i/ continuum endpoint before a light /l/ in the word
steal in Experiment 3B. Note the much bolder lateral formants in this compared to
the above spectrogram from Experiment 3B.

This new method of stimulus creation allowed a test of the explanation that the
discontinuities in the F2 and intensities of the vowels and laterals in Experiment
3A inhibited listeners’ assimilation from following lateral contexts to preceding vowel
targets. For these more continuously connected vowels and lateral contexts, the PLEA
hypothesis predicts that if any effect is found, it should be an assimilation effect in
the lateral contexts, such that listeners respond with more spectrally low “u” before
dark /l/ than light /l/. Whether the degree of this assimilation effect would be
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greater than the one found with oral stop contexts depends on the role that lateral
coarticulation might play in cueing listeners to discontinue assimilating sooner in
lateral than oral stop contexts. The onset of coarticulatory formants and antiformants
in the stimuli for this study is far later than in the nasal contexts of Experiment
2. In Experiment 2, nasal formants and antiformants began at half way through
the vowel’s steady state, and their onset was not gradual. In the present study,
lateral formants and antiformants began at the beginning of the vowel-consonant
transitions, and their onset was gradual. If listeners assimilate more in lateral contexts
than oral stop ones, this would suggest that it was something about the relatively
earlier antiformants during nasalized vowels or PSOLA synthesis method in the nasal
contexts of Experiment 2 that prevented more assimilation from being found in nasal
than oral stop contexts. If listeners instead assimilate less in lateral contexts than
oral stop contexts, this suggests that listeners can use coarticulatory information
that uniquely identifies upcoming contexts to stop their assimilation sooner than they
otherwise would with less well-specified mixes of vocalic and consonantal information.
This latter possibility is discussed in greater detail after the results are presented
below.

2.4.2
2.4.2.1

Methods
Participants

Twenty-three participants were recruited and compensated in the same way as
Experiments 1, 2, and 3A.

2.4.2.2

Materials

The same recordings were used as models as those employed in Experiment 3A.
The only differences in the manufacture of the stimuli were that the vowel-context
transition now lasted 50 ms, and that the lateral contexts were synthesized along with
their preceding vowel targets using the Klatt synthesizer.
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The parameters used for lateral synthesis were based on the method employed by
Kingston et al. (2014) for the creation of their /al/ context syllables. The laterals
were set to be 80 ms long, with a constant F0 of 138 Hz and intensity of 80.3 dB.
The frequencies and bandwidths of the formant transitions for the F1 through F5
formants are given in Table 2.9, where “Start” corresponds to the last value of the
vowel’s steady state and so the beginning of the transition, and “End” corresponds
to the value at the end of the transition and so beginning of the lateral’s steady
state. One pair of a lateral formant and antiformant was introduced to each lateral.
The values of these were different in each kind of lateral in order to achieve a light
versus dark /l/, but all of their bandwidths were set to 225 Hz. For the light /l/,
the added formant and antiformant were at 3900 and 3300 Hz, respectively. For the
dark /l/, they were at 1500 and 2000 Hz, respectively. During the beginnings of
all pre-lateral vowels, the lateral formant and antiformant were set to coincide with
and therefore cancel each other out. In the laterals themselves, the formant and
antiformant of the opposite lateral type were also set to coincide and cancel, with
the result that the light /l/ contained coincidental and canceling dark /l/-consistent
formant and antiformant, and the dark /l/ contained coincidental and canceling light
/l/-consistent formant and antiformant. In the transition interval of each pre-lateral
vowel, the formant and antiformant appropriate to the quality of the following lateral
gradually separated from each other, such that the formant and antiformant began
from being co-canceling and directly coincidental in frequency and linearly moved to
the target values described here. Because of this linear divergence between lateral
formants and antiformants, the onset of lateralization in this study was much less
abrupt than the onset of nasalization in Experiment 2.

2.4.2.3

Procedure

This study followed the same procedure as Experiment 3A.
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Table 2.9. Lateral formant frequencies and bandwidths for Experiment 3B
Light /l/

Start
End
Start
End
Start
End
Start
End
Start
End

2.4.3

F1
F1
F2
F2
F3
F3
F4
F4
F5
F5

/i/
Freq Band
305
66
305
66
1100
90
1100 100
2800 157
2800 100
3406 186
3400 300
4489 500
4500 700

Dark /l/

/u/
Freq Band
305
66
305
66
1100
90
1100 100
2800 100
2800 157
3102 186
3400 300
4102 500
4500 700

/i/
Freq Band
305
66
305
66
1100
90
1100 100
2800 165
2800 330
3395 211
3400 400
4473 500
4500 700

/u/
Freq Band
305
66
305
66
1100
90
1100 100
2800 165
2800 330
3100 211
3400 400
4106 500
4500 700

Results

Proportions of “u” responses in each consonantal context are plotted in Figure
2.6. As can be seen in Figure 2.6 and Table 2.10, listeners responded with spectrally
low “u” more before the low context /p/ than before the high context /t/, again
replicating the basic assimilation finding. Unlike in Experiment 3A, there was no
separation between the light and dark lateral contexts in listeners’ proportions of “u”
responses. Instead, both lateral contexts now induced fewer “u” responses than both
oral contexts.
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Figure 2.6. Experiment 3B mean proportions of spectrally low “u” responses across
spectrally high to low /i/ to /u/ continua in the contexts of following spectrally high
coronal /t/ or light /l/ and low labial /p/ or dark /l/ consonants

A mixed effects logistic regression with the same structure as that fitted to the
results of Experiment 3A was fitted to the results of Experiment 3B.
This model revealed significant main effects of Step, such that the proportion of
spectrally low “u”” responses increases toward the spectrally low end of each continuum, and Manner, such that the oral continua received overall more low “u” responses
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Table 2.10. Fixed effects table for mixed effects logistic regression on Experiment
3B
Fixed effects
Intercept
Step
Manner
Weight
Step x Manner
Step x Weight
Manner x Weight
Step x Manner x Weight

β̂
Std. error
z
1.47
0.16
8.99
5.38
0.29
18.26
-0.82
0.29
-2.79
0.33
0.15
2.15
-0.57
0.33
-1.75
-0.29
0.33
-0.86
-1.20
0.38
-3.12
-0.67
0.57
-1.17

p
< 0.001
< 0.001
< 0.01
0.03
0.08
0.39
< 0.01
0.24

than the lateral ones. No significant main effect of context Weight was found, indicating no overall assimilation effect. The interaction of Manner x Weight was again
significant, such that listeners responded with more low “u” before spectrally low oral
stop /p/ than spectrally high oral stop /t/, but more low “i” before spectrally high
light /l/ than spectrally low dark /l/. This crossover interaction indicated an assimilation effect between vowel targets and following oral stop contexts, but a backward
contrast effect between vowel targets and following lateral approximant contexts.
This contrast effect was smaller in magnitude than that found in Experiment 3A
(Experiment 3A β̂ =-2.77, S.E.=0.46, Experiment 3B β̂ =-1.20, S.E.=0.38). Unlike
Experiment 3A, no other interaction was significant.

2.4.4

Discussion

Comparison of the results of Experiments 3A and 3B suggests that the way that
lateral contexts were manufactured for Experiment 3A contributed somewhat to the
lack of assimilatory responses that were observed there. Synthesizing vowels and laterals as one continuous interval, with no abrupt changes in intensity or the frequencies
of any formants, reduced the contrast effects in listeners’ responses before lateral contexts. But the results of Experiment 3B replicate those of Experiment 3A and show
that listeners genuinely did not assimilate in lateral contexts: they responded with
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more spectrally low “u” responses before high light /l/ than low dark /l/. Another
way to describe these results is to conclude that listeners did not take the spectral
weight consequences of the following lateral interval to be informative about the identity of the vowel. PLEA would only predict that listeners stop assimilating between
target vowels and following laterals if the onset of lateral antiformants in the vowelconsonant transitions sufficiently resolved ambiguity about which acoustic properties
should be considered evidence about each of the two segments in the vowel-lateral
sequences. This possibility is discussed in greater detail in 2.5.1 below.

2.5

Properties of assimilation

This chapter presented the results of four experiments comparing the relative
degrees of perceptual assimilation found in target and context segments of different
manners of articulation. In Experiment 1, listeners assimilated between nasal stop
targets and vowel contexts and voiced oral stop targets and vowel contexts, even
though they could be certain from the beginning of the acoustic signal in both cases
that a segment of higher sonority would follow the consonant that they were judging.
In Experiment 2, listeners assimilated vowel targets to the same extent in oral and
nasal consonantal contexts, but listeners’ place/spectral weight judgments displayed
an overall spectrally “low” bias in the oral stop context conditions relative to the nasal
stop context conditions. In Experiment 3A, listeners assimilated vowel targets when
their following contexts were voiceless oral stops, but contrasted these vowels when
their contexts were light and dark lateral approximants. Experiment 3B tested the
possibility that the particular stimulus production method chosen to make the lateral
stimuli for Experiment 3A contributed to the lack of assimilation results found there.
New laterals were manufactured, using a method that would make the transition from
vowels to following laterals more continuous, and would preserve more comparable
degrees of intensity between the vowel and lateral segments than had been used

58

for Experiment 3A. With these new stimuli, the apparent contrast effect between
vowels and their following lateral contexts was somewhat reduced, but still present.
This section takes up the questions about assimilation identified in Chapter 1, and
discusses the extent to which the results presented here provide new evidence about
how assimilation works.

2.5.1

Attribute earlier/left until cued later/right

Together with the results of previous studies, the findings reported here suggest
that listeners attribute incoming acoustic evidence to the first of two sounds in a
sequence that they are hearing until evidence in the acoustic signal is informative
about the particular identity of the upcoming segment. Once listeners have received
explicit evidence about the identity of an upcoming sound, it seems that they do not
respond with the perceptually assimilated parse of the target sound they are judging.
In Experiment 1, listeners could be certain that the vowel contexts would follow the
segments that they were judging, because those contexts provided the syllabic nuclei
of the test words, and the phonotactics of English do not permit stop consonants of
any kind to occur in isolation. In the case of the nasal targets, listeners could be more
confident that the next segment would be a vowel: while the word-initial oral stop
consonants could be followed by liquid or a glide consonant before a vowel nucleus,
word-initial nasal stops must be immediately followed by a glide or a vowel in English.
Even though listeners had this structural evidence about the quality of an upcoming
segment available to them, however, they did not suspend assimilation during nasal
targets. They assimilated more with nasals than with oral stops.
The kind of confidence that listeners could have about the nature of following context segments in Experiment 1 may be meaningfully distinguished from the certainty
that listeners in the other studies presented here were able to have about upcoming
contexts: the cues to the probable vocalic nature of contexts in Experiment 1 were
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structural, a matter of the phonotactics of English, while the cues to the nasal manner of following contexts in Experiment 2 or lateral manner of following contexts in
Experiment 3 were coarticulatory. This distinction between the cues to upcoming
segments could be understood in terms of different degrees of informativity of those
cues. The structural-phonotactic cue of Experiment 1 merely allows listeners to be
certain that some vowel, any vowel, will eventually follow. The set of phones that
represent possible continuations of the string after an oral or nasal stop is thus large
for American English. But the coarticulatory cues of Experiments 2 and 3 are much
more restrictive. In Experiment 2, native listeners of American English know that
nasalization in a vowel necessarily restricts the continuation of that vowel to one of
three possible sounds, /m/, /n/, or /N/. In the lateral conditions Experiment 3, the
cues to upcoming structure are maximally informative. Native listeners of American
English would know that lateralization uniquely cues the only lateral in English, /l/.
Because English does not distinguish between light and dark /l/, any evidence of
lateral antiformants would still be leveragable as evidence that the one lateral /l/ will
follow. Given these differences between the structural cue to upcoming structure in
Experiment 1 and the coarticulatory cues to upcoming structures in Experiments 2
and 3, the differences in the results of these studies may be meaningful, not accidental.
Structural cues about upcoming structure in Experiment 1 did not hinder listeners’
assimilation in more acoustically continuous target-context pairs, but uniquely identifying coarticulatory cues about upcoming structure in Experiment 3 seem to have
done so.
In Experiment 2, if listeners assimilated more in one kind of context, it was with
their judgments of vowel targets in oral stop contexts (but this difference, if present, is
marginal). Listeners’ overall low “o” response bias in oral stop contexts as compared
to nasal stop contexts may have been the product of nasalization interacting with the
energy distribution of the vowel targets. Nasal antiformants, which began to occur
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in the second halves of the pre-nasal vowel targets, could have attenuated energy
at lower frequencies more greatly than at higher ones. All nasalized vowels could
therefore have been spectrally higher than their corresponding oral versions. If this
were the case, it would be more accurate to describe listeners’ bias as “high” response
bias for nasalized vowels, not a “low” bias for pre-oral ones.
Across Experiments 3A and 3B, no matter the lateral synthesis method chosen,
listeners did not assimilate in lateral conditions. Why lateralization seems to be sufficient evidence to stop assimilating, but nasalization is not, must be directly tested in
future investigation, but the answer to this question may lie in two things. The first
is that listeners receive nasalization, and so evidence of an upcoming nasal segment,
during the vowel steady state, a part of the signal that is otherwise unambiguously
vocalic. They thus could not immediately stop grouping incoming spectral information to the vowel at the time that they first hear nasalization, if they even recognized
it. But nasalization is a cue that takes time to recognize (Beddor & Whalen, 1989;
Hajek & Maeda, 2000), and so it would still take listeners some time during the
vowel to use it. The second, and more interesting possible reason for the difference
between listeners’ behavior in lateral and nasal contexts is the fact that English does
not distinguish among laterals, but does make place distinctions among nasal consonants, such that spectral weight cues must still be considered in the presence of
nasalization in order to determine which particular nasal of three possible a listener
will hear. Lateralization, however, may allow listeners to stop attending to spectral
weight cues altogether, because there are no contrastive spectrally cued distinctions
between upcoming laterals. Lateralization may thus be sufficiently distinctive that
listeners begin to engage non-default, segment-specific parsing knowledge once it has
been identified.
An alternate potential explanation for the lack of assimilation found in the lateral conditions of Experiments 3A and 3B is that the lack of a phonemic contrast
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between light and dark laterals in English prevents perceptual assimilation, because
assimilation in fact relies on target and context sounds to share phonological features,
not just spectral weight qualities. This is unlikely for two reasons. First, Wade and
Holt (2005) have demonstrated assimilation between speech targets and following nonspeech tone contexts when there is no silent interval between the speech target and the
tone, as discussed below. Nonspeech tones are not potential bearers of phonological
features, therefore, they could not host perceptual assimilation if shared phonological features were a necessary prerequisite. Second, Kingston et al. (in preparation)
found that cross-splicing bursts increased rates of assimilation compared to naturalistic conditions. As reported in Chapter 1, when listeners judged a spectrally high
/i/ to spectrally low /u/ continuum in the words heat, hoot, heap, hoop, assimilation
effects were found: listeners responded with more spectrally high “i” before high /t/
contexts, and more spectrally low “u” before low /p/ contexts. When the same vowel
continua were presented before context consonants with incongruous bursts, such
that /p/ stop bursts followed vowel transitions into /t/ and /t/ stop bursts followed
vowel transitions into /p/, assimilation increased. Listeners assimilated more when
context consonants bore phonological features that were inconsistent with the spectral weights of the consonantal material in the vowel transitions. These two results
suggest that the lack of assimilation effects in the lateral conditions of Experiments
3A and 3B cannot simply be explained by the lack of phonological feature sharing
available between lateral contexts and preceding target sounds. Instead, it seems that
once listeners become aware of the fact that the sound that follows a target vowel is
a lateral consonant, they no longer engage the regressive construal of spectral weight
differences to aid in determining their categorization judgments.
Support for the conclusion that listeners attribute evidence to the earlier of two
sounds until they gain unambiguous, sufficiently informative evidence about the identity of an upcoming sound can also be found in the results reported by Lahiri and
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Marslen-Wilson (1991). Lahiri and Marslen-Wilson performed gating studies on
nasalized vowels with native English-speaking and native Bengali-speaking listeners.
Gating studies vary the amount of acoustic evidence available about test strings
of segments from trial to trial. The stimuli for a simple categorization study can be
modified to make stimuli for a gating study by taking the whole strings of segments
that would normally be the trial-to-trial stimuli of a categorization study and excising
particular acoustic intervals for presentation to listeners. These excised intervals, or
gates, may correspond to whatever length of acoustic signal the experimenter chooses,
and often result in partial presentation of some segment(s) from the base test strings.
This allows experimenters to determine what listeners can conclude about the nature
of the whole test string on the basis of only the evidence in the part that is presented
in one gate.
English and Bengali differ in the informativity of nasalization during a vowel as a
cue to upcoming structure. Vowel nasalization in English only occurs as a consequence
of coarticulation between a vowel and the nasal stop that follows it. Vowel nasalization
in Bengali can be both the result of coarticulation between a vowel and a following
nasal stop, and segmentally contrastive for the vowel in its own right: the language
distinguishes between nasal vowels and oral vowels of otherwise the same quality. If
the characterization of listeners’ incremental use of acoustic evidence proposed here
is correct, then presenting native speakers of English with nasalization during a vowel
should cause them to parse the incoming acoustic string differently than presenting
Bengali speakers with nasalization during a vowel would cause them to. English
speakers should posit the existence of an upcoming nasal segment in the string, as
other studies have since shown that they do (Beddor, McGowan, Boland, Coetzee, &
Brasher, 2013; McDonough, Lehnert-LeHouillier, & Bardhan, 2009), and they should
begin to attenuate the degree to which they assimilate. But Bengali speakers should
not use evidence of nasalization during a vowel to stop attributing evidence to that
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vowel. Because vowels themselves can be nasal in Bengali, nasalization can be a
contrastive cue to vowel identity. Nasalization does not definitively require listeners
to posit an upcoming nasal segment, and so listeners can continue to apply the default
of attributing the incoming acoustic material to the vowel, because, as Lahiri and
Marslen-Wilson point out, nasalization in the second half of a vowel in Bengali is a
situation of ambiguity.
Lahiri and Marslen-Wilson’s stimuli were carefully constructed so as to test the
effects of exactly that ambiguity. For their English-speaking listeners, they chose
minimal pairs of words in English that were identical except that one contained a
nasalized vowel and ended in a nasal stop, the other contained an oral vowel and ended
in an oral stop, such as /kæ̃n/ and /kæt/, respectively. Importantly, the nasal and oral
stops were articulated at the same place of articulation, so that all other coarticulatory
cues between the nasalized and oral vowels in these words would be as similar as
possible. For their Bengali-speaking listeners, Lahiri and Marslen-Wilson used both
minimal triplets and minimal doublets of words, so as to explicitly manipulate the
presence or absence of lexical ambiguity when a nasalized vowel occurred. In their
minimal triplets, one word contained a nasalized vowel and ended in a nasal stop, one
word contained an oral vowel and ended in an oral stop, and the other word contained
a nasal vowel and ended in an oral stop, e.g. /kÃm/, /kAp/, and /kÃp/, respectively.
In their Bengali minimal doublets, one word contained a nasalized vowel and ended in
a nasal stop, one word contained an oral vowel and ended in an oral stop, and no other
words in Bengali began with the sequence of that first consonant and a nasal vowel
of that same quality, e.g. /lõm/, /lop/, /*lõ-/. In doublet-based trials, listeners in
Bengali heard a CṼ sequence, and could be sure that a nasal stop would follow, while
in triplet-based trials, listeners in Bengali heard a CṼ sequence, and could not be
certain whether the word would resolve with an oral or nasal stop. Bengali-speaking
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listeners thus faced cases of unambiguity about the source of nasalization, like those
that English-speaking listeners heard, as well as cases of lexical ambiguity.
All of Lahiri and Marslen-Wilson’s listeners heard gates of various lengths from
each of the test words, and were asked to predict a full word continuation for every
trial. They wrote down this full word prediction and an accompanying confidence
rating for their guess in response to every stimulus. These word predictions were
coded in terms of CVC and CVN, for oral stop and nasal stop predictions from
English and Bengali speakers, and additionally CṼC predictions as well for Bengali
speakers. The gates that listeners heard were timed not in absolute milliseconds, but
instead to acoustic landmarks in each syllable, such as a certain number of glottal
pulses after vowel onset, before vowel end, etc. This allowed speaker- and tokenbased variation across the words and languages to be preserved, but also controlled
for experimentally.
Lahiri and Marslen-Wilson’s results bear out the predictions described above.
Bengali speakers’ responses to the minimal triplets, for which CVN, CVC, and CṼC
were all possible words, were most illuminating: when they heard gates that contained
vowel nasalization, but no unambiguous evidence of the following coda consonant’s
identity, they strongly predicted “CṼC” word continuations. Their predictions of
“CVN” only began in the /CVN/ conditions once the nasal coda consonant had
begun. English speakers had a strong bias to predict CVC words. Even when nasalization was present in vowel steady states, English listeners’ “CVN” predictions only
reliably exceeded their “CVC” predictions in the gates after the nasal consonant had
already begun. However, the proportion of “CVN” predictions elicited early in the
/CVN/ words’ gates was still much greater than the proportion of “CVN” predictions
for the early gates of the /CVC/ words, which were almost at floor. Bengali speakers’ responses to doublets paralleled those of English speakers, demonstrating that
they could use nasalization predictively when it unambiguously signaled an upcoming
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nasal coda. But when faced with ambiguity about whether to attribute nasalization
to the vowel they had heard or a possible coda nasal consonant, Bengali listeners chose
the nasal vowel option, rather than responding equivocally with equal proportions of
“CVN” and “CṼC.”
The results of Lahiri and Marslen-Wilson’s studies comparing English- and Bengalispeaking listeners and the results of the studies presented here can be given a unified
interpretation: listeners attribute incoming acoustic evidence to the first of two phones
in a sequence, until they receive sufficiently informative evidence about the second
phone to begin reserving or diverting evidence for it. What counts as sufficiently
informative must remain a question for future research at present. Tentatively, comparison of Experiments 1, 2, and 3 here suggest that a uniquely identified following
phone, such as a lateral in English as in Experiment 3B, may be enough to stop leftward attribution altogether. This may be because, once only one possible following
segment has been identified, ambiguity about which phone caused the evidence in
the signal is sufficiently reduced that listeners no longer need to attend to certain
cues, such as spectral weight. When listeners encounter a coarticulated segment that
has a very restricted set of possible continuations, such as a possible one of only
two nasal consonants in the study, or three total nasal consonants in the language,
as in Experiment 2, this comparative greater certainty about the upcoming string
still does not seem to forestall the action of the default to perceptually assimilate.
And when listeners encounter a larger set of potential following phones, such as all
possible vowels in a language as in Experiment 1, this does not at all hinder them
from performing regressive perceptual assimilation. This account makes the general
prediction, confirmed so far by Lahiri and Marslen-Wilson’s studies, that listeners’
responses to the same acoustic cues should vary based on their native languages. A
native listener of a language with only one nasal segment would be predicted to respond to the came, comb, cane, cone stimuli of Experiment 2 in the same way that
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English speakers responded to the steel and stool stimuli of Experiment 3, because
s/he has learned that nasalization is uniquely indicative of the identity of an upcoming
segment. More generally, the proposal here holds that the extent to which a low-level
auditory attribution process like PLEA will determine ultimate evidence construal in
segmental parsing varies inversely with how narrowly the acoustics of the following
context linguistically constrain the number of possible following speech sounds.

2.5.2

The necessity of continuity

Central to the characterization of the PLEA mechanism given here is that listeners
attribute acoustic evidence to the first of two sounds if the acoustic evidence between
them is sufficiently continuous, unless they are cued to do otherwise. This makes the
prediction that, if listeners receive evidence that some part of the acoustic signal
belongs to a separate segment from the one under consideration, the parse they
ultimately adopt will not be the one in which acoustic material is attributed to the
first segment. The previous section has dealt with cases of this kind, in which the
evidence that some incoming material is not best attributed to a first segment comes
in the form of highly informative or restrictively designating evidence about the second
segment. This section takes up a reason why listeners’ perceptual systems would stop
assimilating: a clear physical discontinuity in the acoustic signal, of the kind like, but
not limited to, separation of elements of acoustic signal by an interval of silence, or
a marked difference between one part of the signal and another in intensity, spectral
weight, or (un)structuredness, in terms of periodicity or noisiness, of the frequencies
of the signal.
The results of Wade and Holt (2005) provide evidence that whether listeners
assimilate, contrast, or do neither between preceding targets and following contexts
is a matter of the obviousness of the acoustic divide between the target and context
segments. Wade and Holt (2005) presented listeners with CVC and CV word and
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nonword syllables followed by nonspeech tones that began at different time points
during the test syllables. One of these tones was relatively high (2800 Hz), the
other was relatively low (1800 Hz). Of interest were listeners’ responses to a /da/ to
/ga/ continuum in the onsets of these syllables: Wade and Holt found assimilation
when the non-speech tone occurred 10 ms after the offset of the consonant-vowel
transitions that conveyed place information about the initial stop, but contrast when
the nonspeech tone began 60 ms after these transitions. In the first case, the duration
of the interval between the end of the transitions and the beginning of the tone may
not have been long enough for listeners to realize that the transitions had fully ended,
especially when a following consonant was occurring. In the 60 ms case, the interval
was certainly so. Thus, one interpretation of Wade and Holt’s results is that listeners
adopt assimilatory parses if they do not have evidence that the acoustic material
in question is from a different segment than the one they have just been processing.
Wade and Holt thus provided a test of one of the predictions of the PLEA hypothesis:
assimilation can occur between speech targets and nonspeech contexts, so long as
they are continuous with each other. More broadly, these results are consistent with
the PLEA hypothesis that assimilation arises from initial association of proximate
material to an earlier similar sound, but such attribution is only adopted if nothing in
the acoustic signal leads the listener to believe that the incoming material is somehow
incompatible with this first sound. Since the perception of time is itself constructed,
it is likely that there is not an absolute duration of either silence or intervening
neutral material (such as perhaps a vowel’s steady state may be) after which sounds
will be too discontinuous to assimilate between them. Rather, depending on how
much a listener is attending to the gap between two segments or the spectra that
are unfolding in time, there may be a greater or lesser perceived degree of ambiguity
about which spectral weight evidence to attribute to which of two segments over the
same absolute duration depending on the listening context.
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Further evidence that discontinuity in the acoustic signal inhibits assimilation
comes from Watkins and Makin (1996). They presented three target continua (/I-E/,
/6-æ/, /s-f/) in the contexts of following /tS, pt, l@U/, respectively. These contexts
made words, and had been filtered such that their energy was distributed either as
the high ends /E/, /æ/, /s/ of the continua or as the low ends /I/, /6/, /f/. Watkins
and Makin found that ambiguous steps that occurred before low-realized contexts
were more often labeled as high targets, and ambiguous steps before high contexts
were more often labeled as low targets. They then demonstrated that the same
filtering of preceding contexts yielded even larger context effects than this filtering
of following contexts did. As Kingston et al. argue, it is not clear that Watkins and
Makin’s stimuli encompassed sufficient acoustic ambiguity to give rise to assimilation:
the effect of the filter on following contexts would have been to introduce a sharp
spectral discontinuity, such that the context would not have contained energy at
frequencies that the target did, without any gradual transition between the target
and the context. Listeners could thus have relied on this discontinuity to provide
them with an identifiable boundary between the target and context sounds. Watkins
and Makin’s finding of contrast between a preceding context and a following target,
however, could have arisen from the hypothesized normal comparison mechanism for
contrast: these two would have seemed very different, and, in this order, it is the target
that would represent the sharp change from the material that had up until that point
been processed. The mechanisms underlying contrast, and its known properties, are
discussed in Chapter 3.

2.5.3

The case for a domain-general source

In this section, I advance the argument that the perceptual assimilation of speech
sounds arises from an attribute of the nervous system. This account depends on the
phenomenon known as saltation, a domain-general perceptual effect that is described
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in its tactile, visual, auditory instantiations. The properties of auditory saltation
and their parallel with the properties of the assimilation of speech sounds are then
discussed.
Sensory saltation is a phenomenon that has been observed across the tactile, visual, and auditory modalities, in which perceivers mislocalize or misattribute different
discrete stimuli to one source. In the tactile domain, perceivers feel taps at one part
of their arm, then taps at another, and report feeling taps that move between the two
locations in an interpolation of their distance (this is also known as the cutaneous
rabbit effect; Geldard & Sherrick, 1972). In the visual domain, perceivers see a flash
of light followed closely in time, but far in distance, by another flash of light, and
report seeing the motion of one continuous flash of light (Geldard, 1976). In the
auditory domain, perceivers hear one stimulus, then hear another emanating from a
different location, and report the motion of one auditory source (Bremer, Pittenger,
Warren, & Jenkins, 1977). Geldard and colleagues (Geldard, 1975, 1982; Geldard &
Sherrick, 1983; Lockhead, Johnson, & Gold, 1980, inter alia) characterize saltation as
a property of the nervous system, and as such as a perception-general phenomenon.
Kawabe (2008, 2010) demonstrated that listeners experience auditory saltation
with tones of different frequencies, and that the degree of auditory saltation that
listeners report is dependent on the gradualness of the change between tones in frequency space. The more gradual the change in frequencies within a tone sequence,
the more likely listeners are to report hearing the continuous motion of one auditory
source. These properties are exactly what would be required in order for a PLEA
parsing heuristic for spectral weight cues in speech to have its basis in sensory saltation. The fact that saltation can occur between different frequencies makes formant
transitions possible hosts for it. The finding that more gradual changes in frequencies lead to more grouping of incoming material to the same event parallels Kingston
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et al.’s findings that more gradual formant transitions from vowel steady states to
upcoming pre-consonant terminal frequencies result in greater degrees of assimilation.
While demonstrations of saltation have relied on separate discrete events as stimuli, this does not preclude the possibility that saltation could apply to the continuous
sounds of a speech stream. The saltation effect is precisely that perceivers cannot
perceive the boundaries between sufficiently temporally proximate discrete events.
To the perceiver, the input is already a continuous stream. The regressive construal
of a later occurrence as the consequence of an earlier-begun event thus seems, to the
perceiver, to apply to an already-continuous signal. The speech stream stimuli in
question here can therefore elicit such regressive source construal without having to
be, in the “true” state of the world known only to the experimenter, actually discrete
events.
There are three desirable properties of an account that posits that saltation is
the physiological basis for the perceptual assimilation effects reported here. The first
is that saltation captures a perceptual default on source construal. Perceivers construe later signal properties as the action of the same source that caused earlier ones,
causing them to attribute later effects to an earlier-posited source of action. This
regressive direction of construal is a necessary property for any account of perceptual assimilation. The second is that saltation is a product of the very early stages
of auditory processing. As will be explained in Chapter 4, if saltation is the physiological basis of assimilatory spectral weight percepts, and its occurrence precedes
stimulus-specific adaptation in the auditory cortex (A1), then the physiological basis
of assimilation likely precedes the physiological basis of contrast effects. The third
property is that, once saltation causes an interval of stimulus acoustic material to be
construed as one continuous event, listeners can use the spectral quality of the later
portion of the interval as evidence about the quality of the whole interval. This is
desirable, for example, in the case of a target vowel that is taken from a spectrally
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high-to-low continuum in a constant consonantal context. In such a case, the midpoint step of the vowel continuum will have a steady state that is ambiguous between
the spectrally high and low continuum endpoints. But the transitions of the vowel
will become spectrally unambiguous as they move toward the consonant context’s
place of articulation. If the vowel continuum were before a low /p/, then the transition interval would become more clearly spectrally low over time, and if the vowel
continuum were before a high /t/, then the transition interval would become more
clearly spectrally high over time. Thus, construing the transition interval as part of
the same event as the steady state would allow listeners to use the more unambiguous spectral weight evidence in the transition to inform listeners’ vowel identification
decisions in the presence of the ambiguity, and so lack of informativity, in the vowel’s
steady state.
Saltation as the underlying mechanism for spectrally assimilatory behavior would
explain why assimilation ceases to occur between segments that are discontinuous or
too abruptly dissimilar. In order for the nervous system to interpolate the frequency
distance between one sample of input and another, the two must be close enough
together in both time and frequency space that they could be construed as the acoustic
motion of a single property. This account provides a basis for why the PLEA bias
would apply only to spectrally cued contrasts: if saltation, which acts in audition
on sufficiently similar frequency bands, underlies regressive perceptual assimilation of
speech sounds, then only spectral weight cues for speech sounds should be affected.
This account further makes the prediction that any other factors shown to interact
with or modulate auditory saltation should similarly affect the degrees of listeners’
speech sound assimilation. Lastly, if saltation underlies the perceptual assimilation
results found here, then the source of perceptual assimilation effects can be identified
as pre-cortical processing that takes place while a listener is still resolving the spatial
orientation of a stimulus. In Chapter 4, this will be placed in the context of a feed-
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forward model of speech processing in which the physiological basis of perceptual
assimilation antecedes the physiological basis of spectral contrast, and different types
of cues (i.e. spectral weight versus duration) can be treated differently by the earliest
stages of the perceptual system without requiring a mechanism to sort them into their
cue types.

2.6

Conclusion

In this chapter, I have presented evidence from four phoneme categorization studies designed to understand the properties of listeners’ perceptual assimilation of the
spectral properties of a following context to a preceding target. I have argued that
listeners’ behavior is consistent with the action of a domain-general perceptual mechanism that determines the parses of speech stimuli only in the absence of information
specifying the need for more speech- or segment-specific parsing procedures. This
mechanism has the consequence that I have called preferential leftward/early attribution for spectral weight cues among speech sounds: when listeners face ambiguity
about whether to attribute incoming acoustic material to the first or second of two
speech sounds, they construe this acoustic material as evidence about the qualities of
the first sound unless some other property of the signal is available to inform them
to do otherwise. This view of early segmental parsing procedures thus assumes the
co-action or potential interaction of domain-general and language-specific parsing operations in the same system. More about the necessary properties of such a system
will be discussed in Chapter 4, after the basis for contrast effects is discussed in
Chapter 3.
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CHAPTER 3
WHEN ASSIMILATION AND CONTRAST DO AND DO
NOT APPLY

This chapter addresses cases in which the PLEA-bias is not predicted to determine
listeners’ ultimate parse of a speech string. Under the PLEA account, assimilation
with target-context order and contrast with context-target order arises as the result
of listeners’ default use of spectral weight information. A default-based parse is engaged in situations of ambiguity in the signal, when no other information is available
to inform listeners that more contextually-specific parsing operations can be applied
to map from the present acoustics to linguistic representations. This chapter discusses cases in which default handling of spectral weight cues determine listeners’
parses versus cases in which more specialized knowledge overrides the use of these
defaults. It begins by discussing the PLEA explanation for why the order of targets
and contexts determines whether listeners will respond with assimilation versus contrast. It then turns to discussing the physiological mechanism that underlies spectral
contrast effects, before taking up examples of non-default behavior in which listeners’
responses do not conform to the generalization about the order of target and context
sounds laid out in Chapter 1.

3.1

Default behavior under the PLEA account

The PLEA hypothesis provides an explanation for the dependence of assimilation
on target-context judgment orders: if assimilation arises because listeners must use
continuously incoming acoustic information to make a decision about an ambiguous
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sound that has already begun, then it is only possible when the target of judgment
comes before the segment whose acoustic qualities are influencing that target. Assimilation from a preceding context to a following target (context-target order) could
not occur via uncertainty about whether to attribute incoming material to the sound
currently under consideration, because by the time a following target is under consideration, the acoustic material that could belong either to it or its preceding context
would have already been attributed to that initial context, if it were indeed continuous enough with that first sound to be compatible. Under the PLEA account, it
is the inherent asymmetry of a default to construe consistent acoustic material as
evidence about the identity of the first of two phones as time unfolds that gives rise
to the restriction of assimilation to target-context judgment orders.
This account of the order asymmetry suggests a reason why context-target orders
give rise to contrast. Assimilation arises as the result of continuous attribution of the
incoming acoustic signal to the earlier of two segments, and this attribution takes place
as soon as that signal becomes available to the listener. If all the acoustic evidence
that can be attributed to the first of two segments is attributed to it, and evidence
is not readily doubly-attributed, if at all, then what will remain unassociated to that
first segment after maximal attribution has taken place is only acoustic material that
would be inconsistent with that first segment. When this leftover material is then
construed as evidence about the identity of the second segment, and the qualities
of this are evaluated, the second segment will sound different from the first. The
consequences of initial PLEA-based early-ward attribution then provide the inputs
to whatever mechanism is responsible for contrast. Under this interpretation, there is
an inherent ordering to the resolution of an assimilatory versus a contrastive percept:
when contrast is over two phones that differ on the basis of spectral weight evidence,
the groundwork for it is laid during the assimilatory resolution of the first sound’s
acoustic components.
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The PLEA hypothesis itself is agnostic as to which of the previously proposed
accounts of contrast, neuronal adaptation or compensation for coarticulation, gives
rise to contrast effects. It merely posits that whatever mechanism underlies contrast
effects is fed by the output of perceptual assimilation. But the PLEA approach predicts that, for every sequence of two phone identities over which assimilation is found,
contrast should also be found. Before different accounts of contrast are discussed, the
results of a context-target order study on the same base stimuli as Experiment 1 are
presented. Experiments 4 and 1, taken together, replicate the order effect with one
and the same set of consonant-vowel stimuli, something that Kingston et al.’s (in
preparation) studies did not do, because of the non-significant assimilatory trend in
their Experiment 2b poash/taish stimuli. These two studies also replicate the finding from Kingston et al.’s Experiment 1 that actual lexical items can host spectral
assimilation and contrast, and provide another demonstration of the correspondence
predicted between that the sequences that can host assimilation can also host contrast
effects.

3.2

Experiment 4: Contrast with structurally obligatory targets

3.2.1

Motivation

Experiment 4 explicitly tests whether listeners’ contrastive categorization decisions for the same segment sequences as those used in Experiment 1. Together with
Experiment 1, this study provides a first attempt to find significant effects of both
assimilation and contrast in consonant-vowel sequences in actual words of the language.
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3.2.2
3.2.2.1

Methods
Participants

Thirty-three participants from the same population were recruited and compensated in the same way as in Experiments 1, 2, 3A, and 3B.

3.2.2.2

Materials

Experiment 4 reversed the judgment order of the sounds in the same words as
those used in Experiment 1. Listeners were asked to judge the final vowels in the
real Ccontext Vtarget words dee, be, do, boo, me, knee, moo, and new. Because these
words were frequency-biased against assimilation effects, they are, in this judgment
configuration, now biased so that word frequencies favor more spectrally high “i”
responses after /m/ and /b/, because me and be are more frequent than moo and
boo, and more spectrally low “u” responses after /n/ and /d/, because new and do
are more frequent than knee and dee.
Target vowels were drawn from twenty-step /i/ to /u/ continua created in the
same way as the context vowels for Experiment 1. The context consonants were
created in the same way as the targets from Experiment 1, except that the continua
were now, for example, from /n/ in front of /i/ to /n/ in front of /u/, or /d/ in front
of /i/ to /d/ in front of /u/, not /n/ to /m/ or /d/ to /b/. Although these stimulus
consonants were created so that they would be consistent with the vowel contexts that
followed, it is not expected that listeners would be able to predict upcoming target
vowels during context segments. There is nothing in the purely-consonantal portion
of the stimulus that would signal the identity of the upcoming vowel. As will be
discussed below, this is an important difference between this study and Experiment
5.
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The context consonants /d, b, n, m/ provided a full 2 x 2 cross of Manner (oral
vs. nasal) and spectral Weight/Place (low labial vs. high coronal) in word onset
position.

3.2.2.3

Procedure

The procedure for Experiment 4 was the same as that for Experiments 1, 2, 3A,
and 3B.

3.2.3

Results

As can be seen below in Figure 3.1, listeners’ responses to /i/ to /u/ continua
displayed equivalent proportions of low “u” responses at each step across both high
/n/ and high /d/ preceding contexts. Similarly, listeners’ responses to /i/ to /u/
continua after low /m/ and low /b/ contexts displayed equivalent proportions of low
“u” responses at each step.
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Figure 3.1. Experiment 4 mean proportions of spectrally low “u” responses across
spectrally high to low /i/ to /u/ continua in the contexts of preceding spectrally high
coronal /d/ or /n/ and low labial /b/ or /m/ consonants

.
A mixed effects logistic regression with fixed effects of centered and scaled continuum Step, consonantal context Place (labial = 0.5 vs. coronal = -0.5), consonantal
context Manner (nasal = 0.5 vs. oral = -0.5), and their interactions, as well as
maximal random effects structure for participants, was fitted to listeners’ responses.
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Labial consonants like /m/ and /b/ are spectrally lower than coronal consonants like
/n/ and /d/, and so the proportion of low “u” responses in context-target contrast
configurations is expected to be higher in the contexts of high coronal consonants /n/
and /d/ than low labial consonants /m/ and /b/. The fixed effects table is given in
Table 3.1.
Table 3.1. Fixed effects table for mixed effects logistic regression on Experiment 4
Fixed effects
β̂
Std. error
z
Intercept 1.71
0.18
9.34
Step 4.07
0.23
17.80
Manner -0.31
0.21
-1.48
Place -1.89
0.22
-8.47
Step x Manner -0.31
0.20
-1.55
Step x Place 0.05
0.17
0.30
Manner x Place 0.05
0.32
0.16
Step x Manner x Place 0.46
0.37
1.25

p
< 0.001
< 0.001
0.14
< 0.001
0.12
0.77
0.88
0.21

This model revealed significant main effects of Step, such that the proportion of
spectrally low “u” responses increases toward the spectrally low end of each continuum, and Place, such that listeners responded with “u” more after the spectrally
high coronal context consonants than the spectrally low labial context consonants.
No significant main effect of context Manner was found, as well as no significant interactions. This indicated a contrast effect between context consonants and following
target vowels.
3.2.4

Discussion

In the present study, listeners responded with more spectrally low “u” after spectrally high /n/ and /d/, and spectrally high “i” after spectrally low /m/ and /b/. In
Experiment 1, listeners responded more with spectrally low “m” and “b” before spectrally low /u/, and spectrally high “n” and “d” before spectrally low /i/. In Kingston
et al.’s Experiment 1a, listeners responded with more spectrally low “p” after high
/i/, and spectrally high “t” after low /u/, while in their Experiment 1b, listeners
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responded with more spectrally low “u” before low /p/ and spectrally high “i” before
high /i/. The combined results of Experiments 1 and 4, and Kingston et al.’s (in
preparation) Experiment 1 yield Table 3.2. In words with both vowel-consonant and
consonant-vowel two-sound sequences, listeners responded with assimilatory responses
to target-context judgment orders, while they respond with contrastive responses to
context-target judgment orders.
Table 3.2. Summary table for effect of order on lexical items
Target-context
VC
assimilation
hoop
CV
assimilation
boo

Context-target
contrast
hoop
contrast
be

The results presented here provide a confirmation that assimilation and contrast
effects can be found across the segments of real words, and that assimilation versus
contrast is determined by the order of targets and contexts, not the manner of articulation of the segments in question. Crucial to the account advanced here, this is
possible, because the two speech sounds in each of these words are spectrally similar
and continuous enough with each other to conform to the necessary conditions for
assimilation laid out above in 2.5 and those for contrast laid out below in 3.3.

3.3

The mechanism underlying spectral contrast

Lotto and Kluender (1998) investigated the /alda, arda, alga, arga/ sequences
that Mann (1980) had. They employed both the speech syllables /al/ and /ar/ and
nonspeech analogues of them as contexts before /da/ to /ga/ targets. They found
contrast effects, such that listeners reported more spectrally high “d” after spectrally
low /ar/ and more spectrally low “g” after spectrally high /al/, for the same /d/
to /g/ continuum across various different context conditions. When contexts were
spoken by both male and female speakers, whose fundamental frequences and formant
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resonances differed, contrast effects still held. When contexts were sine wave glides
modeled on the F3 and F4 of /al/ and the F2 and F3 of /ar/, and when contexts
were constant sine waves modeled on the F3s of /al/ and /ar/, contrast effects still
held. This led Lotto and Kluender to reason that it must be the auditory qualities of
contexts, not some particular articulatory property of the segments that may or may
not be in them, that causes contrast effects.
In response to the finding that listeners’ judgments of speech sounds’ identities
are affected by nonspeech context tones, Fowler, Brown, and Mann (2000) proposed
that contrast effects may arise, at least in part, from low-level effects in the peripheral
perceptual system, such as cochlear masking (see, e.g. Moore, 2003, for an explanation). Such masking functions to make frequencies in a band around the frequency
of an immediately previously presented stimulus less perceptible, because the sensory
organs in the cochlea that would be required to perceive the common frequencies are
still recovering from the initial sound’s presentation.
Two pieces of evidence disconfirm this possibility. The first is Lotto, Sullivan, and
Holt (2003) finding that nonspeech contexts presented to one ear can have contrastive
effects on targets presented to the other ear, just as contexts presented binaurally do to
targets presented binaurally. This finding of dichotically-based contrast rules out the
possibility that cochlear masking is responsible for nonspeech-speech contrast effects,
because dichotic presentation precludes the re-use of the same cochlea that heard the
context tones when the target is heard. The second set of results that disconfirms
the possibility that cochlear masking underlies nonspeech-speech contrast effects are
findings that contrast effects are found even when the time elapsed between the
presentation of context tone(s) and the target speech sound is too long for the cochlear
masking mechanism to be responsible. Results reported by Holt and colleagues (Holt,
2005; Holt & Lotto, 2002; Lotto et al., 2003) demonstrate that a single pure tone
contrasts with a following speech sound across a gap of 175 ms, a speech single-syllable
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context contrasts with a following speech sound across a gap of 275 ms, and a context
series of twenty-one 70 ms tones, each separated by 30 ms, contrasts with a following
speech sound across an interval of silence as long as long as 1300 ms. These time
courses are all too long for cochlear masking to account for the perceived difference
between context and target sounds, because the cochlea would have recovered from
forward masking by any of these contexts well before even 175 ms had elapsed.
Holt (2006) proposed that stimulus-specific adaptation (SSA) underlies findings of
nonspeech tone context-speech sound target contrast, and could well extend to cases
of speech-speech contrast effects. SSA is a perception system-central, not peripheral,
effect in which neuronal responses to the properties of a stimulus are attenuated even
after the presentation of just one token of that stimulus. It thus has the necessary
temporal properties to account for segment-segment contrast effects. In the case of
auditory contrast effects, SSA would likely be seated in the primary auditory cortex
(A1). This centrality would be necessary to account for Lotto et al.’s finding of
contrast effects with dichotic presentation of contexts and targets.
Ulanovsky, Las, Farkas, and Nelken (2004) examined the responses of neurons in
A1 to a frequency range around an adaptor stimulus. They found that adaptation was
strongest at the frequency of the adaptor, but was present at frequencies above and
below the adaptor’s. The neuronal responses for those frequencies that were furthest
away from the adaptor were enhanced, such that the greater the acoustic difference
between the adaptor and the following test sound, the greater the magnitude of the
neuronal response to the test sound. If this effect underlies auditory contrast of the
kind observed for both nonspeech-speech and speech-speech contexts and targets, then
the greater the acoustic change between a context and a target sound, the greater
the potential contrast effect would be expected to be. This is exactly what Stilp,
Anderson, and Winn (2015) argue for in their discussion of their own results and
those like them (e.g. Kiefte & Kluender, 2008; Stilp & Anderson, 2014). Stilp et
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al. required listeners to respond to unfiltered speech sound stimuli after exposure to
speech sound contexts that were treated by acoustic filters designed to enhance or
reduce the strength of certain frequencies. Listeners’ responses were consistent with
them un-doing the effect of the preceding filter in evaluating the unfiltered targets.
Stilp et al. used a range of filters, with more or less extreme consequences in making
context speech sounds more or less different from upcoming target sounds. They found
that listeners’ contrastive responses varied in proportion to the extremity of the filters,
such that listeners gave more contrastive responses when the context sounds had been
made more different from targets, and successively fewer contrastive responses for
filters the effects of which were less extreme. Stilp et al. point out that their results
are entirely consistent with SSA as the underlying physiological mechanism driving
contrast effects, because they found more contrastive responses as the target sound’s
spectra were farther from the context sound’s spectra, paralleling Ulanovsky et al.’s
findings for adaptation that a greater difference between an adaptor’s frequency and
a test sound’s led to greater neuronal responses.
The view that emerges from these investigations about possible physical mechanisms underlying contrast effects is that SSA is the most likely physiological base of
contrast. Because neuronal responses to frequencies around an adaptor’s frequency
are also attenuated after exposure, SSA naturally encompasses the idea that a few
formants, intense enough and close enough together, could attenuate the perception
of frequencies both between and around them. This potential for close, but nonidentical, frequencies to interact with each other allows SSA to produce the enhanced
auditory experience of an ambiguous target sound that would in turn produce the
judgment that this ambiguous target sound differed from its context.
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3.4

When assimilation and contrast do not apply

This section addresses those cases in which assimilation and contrast effects are
not found. It identifies two types of cases: (i) when the qualities of the acoustic
material presented to the listener somehow fail to support the performance of perceptual assimilation or contrastive comparisons between segments, and (ii) when two
speech sounds in a row in the signal co-vary together so greatly that the listener is
able to be uniquely confident in their identities, causing other sources of evidence,
such as incrementally attributing incoming evidence to the earlier of the sounds or
performing comparative judgments between them, not to be used.
The necessary prerequisites for assimilaton, and when it does not apply, are discussed in 2.5 in the previous chapter. Assimilation is argued to occur during a listener’s apprehension of a speech stream that contains an interval of spectral ambiguity, and that unfolds continuously, with no sharp disruptions in the periodicity,
intensity, or spectra of the sounds. Assimilation is argued not to occur in unambiguous intervals of the acoustic signal, in which the information available about the
sounds that the listener is parsing is so well-specified that the listener does not need
to determine which acoustic material should be construed as evidence of which segment. This was argued to be the case in the lateral conditions of Experiment 3,
where lateralization during the transitions out of vowel steady states into the following sonorant intervals provided coarticulatory evidence that uniquely identified
the upcoming segment. The acoustic prerequisites for spectral contrast are discussed
below in 3.4.1, while the cases of learned covariation between speech sounds in which
contrast does not occur are discussed in 3.4.2. Under the present account, the cases
in which assimilation does not occur parallel the cases in which contrast does not
occur: intervals in the acoustic signal in which the information available to listeners
allows them to employ context-specific information about how particular segments
co-occur and override the use of their segmental parsing defaults.
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3.4.1

Sufficient similarity and intensity as prerequisites for contrast

Several previous studies support the view that there is a predictable relationship
between the relative frequencies and intensities of contexts and targets and the magnitude of context effects observed. When a context and target are too dissimilar,
it seems that the context’s effect on the target is attenuated, resulting in a comparatively smaller degree of contrast. This is as expected if a mechanism such as
SSA is responsible for attenuating neuronal responses to the spectral properties of
the context stimulus. The picture that emerges is that, in order for two segments
to seem contrastive with each other in the way that has been discussed above, they
must be neither too similar nor too dissimilar. Too similar, and SSA would attenuate
responses to the target after the context, because the target would be in exactly the
range of frequencies that the context had adapted. Too dissimilar, and SSA-based
attenuation would not result in a relative apparent enhancement of sensitivity to
the properties of the target stimulus: the differences between the context and target
would not relatively enhance each other, rather, the target would be apprehended the
same way that it is when a context is not present. Several studies reported below find
support for this view that contrast is only possible with enough similarity between
contexts and target.
Holt, Lotto, and Kluender (2000) report the results of studies in which listeners
judged the identity of a vowel in a CVC syllable. This vowel was taken from a
spectrally high /E/ to low /2/ vowel continuum, and occurred in syllables containing
two either voiced or two flanking voiceless stop consonants that were themselves
either spectrally high or low, e.g. spectrally high coronal /d d/ versus /t t/ and
spectrally low labial /b b/ versus /p p/. Holt et al. were surprised to find that
listeners’ vowel judgments demonstrated contrast with flanking consonant contexts
when those context consonants were voiced, but not when they were voiceless. This
could have been due to the particular properties of their stimuli. Their syllable-
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initial and syllable-final voiceless consonants were mirrors of each other, so that the
first was aspirated after its closure, the second was pre-aspirated before its closure.
This aspiration caused the consonant-vowel and vowel-consonant formant transitions
in the voiceless contexts to be excited only by the aspiration source, not voicing, and
so they were half as intense (-6 dB) as the transitions in the voiced contexts. This
relative weakness would have resulted in them causing less neuronal adaptation via
SSA than their voiced context counterparts. A lack of enhancement in the perceived
difference between the target vowel and its surrounding context would then have been
expected, and is consistent with the lack of contrast that Holt et al. observed.
Holt et al.’s findings of no contrast between voiceless stop consonant contexts and
target vowels differ from Kingston et al.’s (in preparation) Experiment 1a findings
of successful contrast between voiceless stop consonant contexts and target vowels
in the nonsense words poash, toash, paish, taish, although the explanation advanced
here for a lack of contrast in Holt et al.’s voiceless stimuli is fundamentally like
that advanced for lack of assimilation in Kingston et al.’s Experiment 1b. This is
perhaps due to differences between the two studies in the degrees of difference between
context consonants and target vowels. Kingston et al.’s voiceless stops elicited a weak,
but reliable, contrast effect perhaps because their aspiration-excited consonant-vowel
transitions were nonetheless strong enough to achieve some attenuation. But perhaps
Holt et al.’s voiceless stops did not host contrast with the vowels between them,
because the energy in the aspiration-excited formant transition intervals was not
strong enough to attenuate neuronal responses to enough of the frequencies in their
vowels’ spectra.
Studies that used nonspeech analogues of speech also provide evidence that the
particular acoustic properties of contexts relative to their adjacent targets determine
the presence and magnitude of contrast effects. Lotto and Kluender (1998) and
Viswanathan, Fowler, and Magnuson (2009) constructed nonspeech contexts that
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hosted contrast effects. These were high and low pure tones selected to be analogous
to spectral weight of /al/ and /ar/ context syllables, respectively. These tones were
themselves as intense as the energy of the entirety of the model speech syllables
that had elicited contrast effects. Listeners responding to a spectrally high /da/
to spectrally low /ga/ continuum after these pure tone analogues responded with
more high “d” after a low /ar/-like tone and low “g” after high /al/-like tone. But
Viswanathan et al. were able to eliminate these contrast effects by constructing
different nonspeech contexts, which only focused on the third formant, due to its
critical role in cueing the identity of approximants /l/ versus /r/. Three kinds of
F3-based stimuli were manufactured by (i) preserving exactly the frequency bands
with their intensities of the third formants of the base speech sounds, (ii) creating
frequency-modulated tones that tracked the trajectory of the third formants, or (iii)
creating constant frequency tones with just the intensity of the third formants’ bands.
All three of these types of nonspeech analogues were considerably less intense than the
whole syllables off of which they had been modeled, and all produced much smaller
or nonexistant contrast effects with the following /d/ to /g/ speech targets. These
results further support the conclusion that it is both the amount of energy/intensity
and its concentration in frequency space that matter for finding contrast effects, as
an SSA-account would predict.
As the above results demonstrate, the most common situations in which the acoustic properties of a speech signal seem to be inhospitable to contrast effects are cases
in which two consecutive segments in the string are so dissimilar in their frequencies
and the intensities thereof that they may avoid adapting the neurons responsible for
responding to each other.
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3.4.2

Learned covariation as a use of specialized knowledge

Perhaps the most well-known apparent counterexample to the order generalization
about target-context configurations yielding assimilation effects and context-target
configurations yielding contrast effects is the seemingly backward contrast effect investigated by Mann and Repp (1980); Mitterer (2006); Repp and Mann (1982); Smits
(2001a, 2001b); Whalen (1981, 1989). The problematic finding is that, in a targetcontext judgment configuration, listeners identify the ambiguous steps of an /s/ to
/S/ continuum more often as spectrally high “s” before spectrally low /u/ or /y/ and
spectrally low “S” before spectrally high /i/. This seems to be a backward contrast
effect, in that the initial target is heard to be different from its following context.
This section will explain the case advanced by Kingston et al. (in preparation) that
listeners’ judgments in sushi sequences are not the result of spectral contrast, but instead arise from listeners applying their specialized knowledge about the covariation
between these two fricatives and the vowels that follow them. The sushi results are
thereby argued to be a case of non-default parsing behavior, which would not elicit
the use of PLEA-based or spectral contrast-based responding.
The articulatory properties of non-back vowels and coronal fricatives interact with
each other such that both types of segments are uniquely affected by their coarticulation. This is largely because of the differences between the loci of articulatory
constrictions for the two fricatives. Alveolar /s/ is articulated farther forward in
the mouth than post-alveolar /S/, such that the cavity in the mouth in front of the
consonant constriction for /s/ is shorter than the cavity in front of the constriction
for /S/. As a result of this difference in anterior cavity length, /s/ is productively
spectrally higher than the /S/ in languages that maintain a contrast between these
two fricatives. This cavity length difference also has consequences for the qualities of
vowels that follow these fricatives. Longer anterior cavities lower the F2 frequencies
of the vowels that follow them relative to the frequencies of those same vowels’ second
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formants in isolation or other contexts. For this reason, the second formant of vowels
after /S/ would normally be expected to be lower than the F2 values of vowels after
other consonants. However, the location of F2’s onset frequency is lower after /s/
than /S/, because the alveolar constriction of /s/ is farther away from a longitudinal displacement node of the second formant than the post-aveolar constriction of
/S/. The F2 of vowels after /s/ is thus distinctively lower than after /S/, for both
front and back vowels. Further enhancing the potential distinctiveness of any coronal
fricative-vowel sequence is the fact that the formant structure of an upcoming vowel
becomes audible in the fricative as the signal approaches that vowel. Thus, an /s/
before an /u/ contains a band of energy that is reflective of a lower F2 than the band
of energy corresponding to F2 in an /s/ before an /i/. Likewise, an /S/ before an /u/
also conveys the presence of a lower second formant than an /S/ before an /i/, even
though both of the F2s of these vowels after /S/ are higher than the corresponding
values after /s/.
Listeners’ tendencies to categorize more of an /s/ to /S/ continuum as “s” before
/u/ than /i/ may thus reflect their use of the knowledge that F2 is lowered during the
interval of coarticulation between a vowel and an /s/, and relatively higher during the
interval of coarticulation between a vowel and an /S/. If an /s/ to /S/ continuum is
produced by mixing complementary proportions of /s/ and /S/ before the appropriate
context vowel, then the F2 information that occurs during the later part of the frication interval in the intermediate steps of the continuum will necessarily be lower than
it would have been for the /S/ endpoint of that continuum. This is true regardless
of the quality of the vowel following the fricative. But when listeners hear evidence
of an especially low F2, such as that during an /s/ before an /u/, during a frication
interval that is otherwise intermediate between /s/ and /S/, they may construe this
as evidence of F2 lowering by the alveolar /s/, and so categorize that interval as “s.”
Similarly, when listeners are required to categorize an /i/ to /u/ continuum after
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/s/ or /S/, their greater tendency to categorize ambiguous steps as “u” after /s/ and
“i” after /S/ may be explained by the possibility that lower F2 sounds like evidence
of /u/ and higher F2 sounds like evidence of /i/. In cases in which other cues are
not available to arbitrate about either the fricative’s spectra or the vowel’s place of
articulation, it may be that listeners are willing to construe lower F2 as evidence of
both /s/ and /u/, and higher F2 as evidence of both /S/ and /i/, to result in the standard sushi preferences. If listeners indeed do this, it would mean, under the account
advanced here, that they forego the use of the normal PLEA-assimilation followed by
contrast judgment segmental parsing procedure.
In order to engage in non-standard parsing behavior, listeners must have acquired
significant experience with the covariation between the fricatives /s/ and /S/ and
the vowels /i/ and /u/. This would allow them to use segment-specific knowledge
in their construal of acoustic evidence for these sounds’ identities. Support for this
possibility comes from two sources. First, Nittrouer and colleagues (Nittrouer, 1992,
1996; Nittrouer & Miller, 1997; Nittrouer & Studdert-Kennedy, 1987; Nittrouer &
Whalen, 1989) have demonstrated that adult and child listeners use the acoustic
cues available in /si, su, Si, Su/ sequences differently, such that adults rely more on
both the fricative noise spectra and the following vowel’s rounding in categorizing the
steps of an /s/ to /S/ continuum. Children rely on formant transitions more than
the fricative spectra, and incrementally come to use adults’ cues more as they age.
Second, while the preference for high “i” after low /S/ and low “u” after high /s/
looks like a forward, context-target contrast effect, listeners have been shown to use
the labeling of the fricative, not just its acoustics, in making their vowel identification
judgments, and the labeling of the vowel, not just its acoustics, in making their
fricative identification judgments (Whalen, 1989; Smits, 2001a; Mitterer, 2006). This
acquisition of the appropriate cue weighting for /si, su, Si, Su/ sequences is evidence
that the source of these judgments is not merely SSA as argued for here: SSA applies
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regardless of the identity of segments, adapting the neurons that respond to those
segments’ acoustic properties. It should thus be equally active in children and adults.
Likewise, SSA should not be affected by labeling. Frequency ranges that are close
enough together to interact with each other should do so regardless of the labels of
the segments being compared.
Further evidence that listeners are sensitive to the formant structure available in
the noisy frication intervals of /s/ and /S/ before /i/ and /u/ comes from Nittrouer
and Whalen’s (1989) studies. They used a gating paradigm to demonstrate that,
when listeners are presented with single-segment fricative tokens excised from natural
productions of /s/ or /S/ before either /i/ or /u/, they are able to correctly predict
the quality of an upcoming vowel with higher than chance accuracy. Evidence for the
locus of this formant information in the later part of the fricative interval comes from
a second study, in which listeners were presented with a short duration of frication,
only 60 ms, taken from one of (i) the part of the fricative immediately preceding the
vowel, (ii) some earlier middle interval, or (iii) the very beginning of the fricative.
Listeners’ accuracy at predicting the upcoming vowel decreased as the distance from
the vowel of the test fricative interval increased: listeners used the endings of the
fricatives successfully, and the beginnings unsuccessfully.
This section has argued that the apparent bi-directional contrast effects of sushi,
in which listeners respond more with spectrally high fricatives before spectrally low
vowels and spectrally high vowels after spectrally low fricatives, are not the result of
the standard neural mechanism that gives rise to spectral contrast effects. Evidence
for this comes from the fact that listeners learn to weight the cues to the /s/ versus
/S/ contrast in front of /i/ and /u/ as they mature, something that would not be
necessary if basic neuronal adaptation to like frequencies were the source of listeners’
contrastive responses. Further evidence for listeners’ knowledge of the covariation
of the fricatives /s/ and /S/ with the vowels /i/ and /u/ comes from the fact that
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listeners can accurately predict which vowel will follow a fricative when they are given
the part of the fricative’s noise interval immediately before the upcoming vowel.
While I have argued that the use of learned covariation of fricative and vowel
acoustic properties is a possible alternative to the explanation of backward contrastive
judgments for listeners’ sushi preferences, the results to date are still equally compatible with the possibility of bi-directional contrast. Because Nittrouer and Whalen
report only percent correct, not the nature of the errors that listeners made in identifying upcoming vowels, we do not know if listeners’ errors reflect any systematicity.
Their listeners heard two kinds of each fricative, one in which the fricative conveyed
evidence of an upcoming front vowel and one in which the fricative conveyed evidence
of an upcoming back vowel. All comparisons from their studies can only compare proportions for /u/-cueing information and /i/-cueing information. We therefore also
cannot know whether listeners only predict one of the two upcoming vowels, such as
/u/, because of its particularly distinctive F2 lowering consequences for the fricative.
It is possible that the other alternative, e.g. /i/, was only selected by listeners when
they were not certain that an upcoming vowel was /u/. Put differently, it could be
the case that listeners only pay enough attention to the variation in these fricatives
and vowels to form some positive predictions about the upcoming vowel when they
hear fricative noise, not all possible positive predictions. If this were the case, it
would undermine the argument advanced here that listeners’ knoweldge of fricativevowel covariation is so complete that they do not need to perform normal comparative
judgments on the segments’ spectra when identifying the sounds they are hearing.
In the next section, I present the results of a gating study that partially replicates
and extends Nittrouer and Whalen’s findings. The results demonstrate that not only
do listeners use formant information in the fricative spectra to predict the quality
of some upcoming vowels when such early formant information is available to them,
but also, when such information has been obviated, the extent to which they predict
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that the back vowel endpoint of a front to back continuum will occur is intermediate
between those cases in which fricatives convey front vowel formant structure and those
cases in which fricatives convey back vowel formant structure. This strongly suggests
that listeners positively predict the presence of both upcoming front and back vowels,
and so are able to rely on knowledge of covariation for all /s/-front vowel, /s/-back
vowel, /S/-front vowel, and /S/-back vowel sequences.

3.5

Experiment 5: Positive prediction from learned covariation

3.5.1

Motivation

Experiment 5 partially replicated and extended Nittrouer and Whalen’s (1989)
findings that listeners can predict the quality of an upcoming vowel on the basis
of the /s/ or /S/ fricative that precedes it. Unlike Nittrouer and Whalen’s studies,
listeners in this study were presented with three types of each fricative: one that
contained formants consistent with an upcoming front vowel, one that contained
formants consistent with an upcoming back vowel, and one that contained a mixture
of fifty percent energy from the pre-front and fifty percent energy from the preback fricative. This resulted in six syllable-initial fricatives: front-biasing /s/, backbiasing /s/, no-biasing /s/, front-biasing /S/, back-biasing /S/, and no-biasing /S/.
The addition of the no-biasing fricatives allowed the assessment of listeners’ decisions
when information about an upcoming segment was equivocal. This provided a test
of whether listeners explicitly predict the presence of both front and back upcoming
vowels, or whether it is the case that listeners may predict one kind of vowel, given
evidence for it, and then default to answering with the other vowel only when there is
not strong enough evidence to predict the first. In another difference from Nittrouer
and Whalen’s approach, responses in this study were not analyzed as correct versus
incorrect. Instead, the proportion of back vowel responses rendered in each condition
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was assessed. If listeners form positive predictions about the presence of both front
and back vowels, then the equivocal-evidence no-biasing condition should elicit a
proportion of back vowel responses that is intermediate between that found for the
back-biasing condition and that found for the front-biasing condition. If, instead,
listeners only form positive predictions about one kind of vowel, then the no-biasing
condition and the condition with potential evidence for which no positive prediction
is formed should receive the same proportions of back vowel responses.

3.5.2
3.5.2.1

Methods
Participants

Twenty-eight participants were recruited and compensated in the same way as all
of the studies reported above.

3.5.2.2

Materials

The words of previous studies, see, sue, she, and shoe, were not used for two
reasons. The first was that these are real words that are not equal in frequency: she
and see are more frequent that shoe and sue, respectively, and it is unclear how this
would interact with listeners’ abilities to attend to or predict on the basis of evidence
of these vowels. The second reason that these words were not used, was so that the
results of this study could someday be compared to the results of a comparable study
using the fricatives /f/ and /T/. While fee and foo are words, or at least a word
and familiar nonword exclamation, there is a frequency imbalance between the two
of them, and both are more frequent than nonword /Ti/ or /Tu/ sequences.
Instead of the high vowels /i/ and /u/, mid vowels /e/ and /o/ were used in
nonsense words saigue, sougue, shaigue, shougue (/seg, sog, Seg, Sog/). Like high
front and back vowels, mid front and back vowels are also differentiated by their
second formant frequencies. But mid vowels are less peripheral in their most extreme
articulatory targets than their high counterparts, meaning that their front versus back
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F2 values are less distinct from each other. For this reason, mid vowels provide a more
robust test of whether listeners can predict upcoming vowels given only the formant
structure in preceding fricatives: coarticulation between a mid vowel and a preceding
fricative will be less distinctive for the same reason that mid vowels themselves are
less distinctive.
Model tokens of the test nonsense words were recorded and digitized in the same
way as stimuli for all previous studies reported here. The fricatives were excised from
these non-words, and length-normalized to the grand average of their durations, 135
ms, so that all fricatives in this study lasted for the same amount of time. These
length-normalized natural productions served as the /e/-biased or /o/-biased tokens
of their fricatives. Unbiased tokens of each fricative were created by mixing together
the noise of the pre-/e/ and pre-/o/ versions of one fricative in equal proportions.
For example, an unbiased /s/ was created by mixing the pre-/e/ version of /s/ and
the pre-/o/ version of /s/ so that fifty percent of the energy in the resultant fricative
came from each of the input ones. The six test fricatives, an /e/-biased, /o/-biased,
and no-biased token of each of /s/ and /S/, were appended to twenty-step /e/ to
/o/ vowel continua created in the same manner as those for previous studies. This
had the result that /e/-biasing fricatives were appended even to the /o/ endpoints
of their corresponding continua, and /o/-biasing fricatives were appended even to
the /e/ endpoints of their corresponding continua. A single token of coda /g/ was
manufactured by taking the grand means of the closure duration and voicing, as well
as burst duration and energy, across the four tokens of the test words. This coda /g/
was appended to all of the test vowels. Steps 1, 6, 10, 14, 20, from all continua were
selected as test stimuli.
Gates were manufactured using the procedure of Smits, Warner, McQueen, and
Cutler (2003). The shortest gate, designated 135 ms, contained the 135 milliseconds
of the fricative from each test stimulus. The intermediate gate, 185 ms, contained
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the fricative and its following consonant-vowel transitions, but none of the vowel’s
steady state. The longest gate, 582 ms, contained the entire test syllable. All of the
stimuli lasted for 745 ms total. The first and last 25 ms of each stimulus was silence.
A square wave with an F0 of 500 Hz was appended to the end of the speech signal in
each gate, such that it overlapped with the last five milliseconds of the target sound
and replaced the rest of the duration to make each stimulus last 745 ms. For example,
585 ms of square wave was added to the 135 ms gate, such that with the 25 ms of
silence before the fricative and after the square wave, the stimulus lasted 745 ms.
The purpose of this added square wave was to prevent the abrupt offset of the speech
signal from sounding like a a voiceless stop. The RMS amplitude of each square wave
was -22dB less than the most intense 50 ms interval of the speech signal before it.

3.5.2.3

Procedure

Stimuli were presented and responses were collected as in the other studies reported here. Listeners were told that, when they heard a vowel, they should report
which vowel they heard. But when they did not hear a vowel, they should render
their best guess about what vowel would have come next in the speech that they had
just heard. Stimuli were blocked by fricative, so that listeners could always assume
that they knew which of /s/ or /S/ a test syllable began with. Presentation order
of fricative blocks was counterbalanced across subjects. Gates were further blocked
such that all 582 ms gates for one fricative occurred together, and all 135 and 185
ms gates for one fricative occurred together. The consequence of this is that listeners
knew, for any given block, whether they would be reporting the vowel they had just
heard, or rendering their best guess about what an upcoming vowel would have been.
Listeners responded to 216 endpoint and 108 intermediate step stimuli.
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3.5.3

Results

The learned co-variation explanation for listeners’ apparently contrastive responses
predicts that adult native speakers of American English should be able to anticipate
the front or back quality of an upcoming vowel on the basis of its preceding sibilant fricative. Listeners’ responses to the 135 ms gate in Experiment 5 support this
conclusion: they responded by predicting spectrally low “o” most after /o/-biased
fricatives, less after no-biased fricatives, and least of all after /e/-biased fricatives.
This can be seen in Figure 3.2, which plots the proportion of low “o” responses that
listeners gave to each bias for each quality of fricative at the 135 ms gate.
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Figure 3.2. Experiment 5 mean proportions of spectrally low “o” responses across
spectrally high to low /e/ to /o/ continua in the contexts of preceding spectrally high
alveolar /s/ and low post-alveolar /S/ fricatives. These fricatives themselves contain
formant structure consistent with a following /e/ or /o/ vowel, or neither.

A mixed effects logistic regression with fixed effects of fricative Bias (/o/-bias =
0.5, no-bias = 0, /e/-bias = -0.5), fricative Quality (/S/ = -0.5, /s/ = 0.5), and their
interaction, as well as de-correlated random slopes and intercepts for participants,
was fitted to listeners’ responses at the 135 ms gate. Unlike all other models fit
here, it would have been inappropriate to include an effect of continuum Step here,
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because no vowel material was presented at this gate. The fixed effects table is given
in Table 3.3, below. The model revealed a significant effect of Bias, such that listeners
responded with low “o” most after the /o/-biased fricatives that had been taken from
pre-/o/ positions, less after the no-biased fricatives that had been made by mixing
two natural fricatives, and least after the /e/-biased fricatives that had been taken
from pre-/e/ positions. This model also found a significant effect of Quality, such
that listeners responded with low “o” more after hearing an /s/ than an /S/. No
significant interaction between fricative Bias and Quality was found.
Table 3.3. Fixed effects table for mixed effects logistic regression on Experiment 5
at 135 ms gate
β̂
Std. error
z
Fixed effects
Intercept 0.82
0.11
7.54
Fricative Bias 0.84
0.11
8.00
Fricative Quality -0.25
0.09
-2.70
Fricative Bias x Fricative Quality 0.10
0.14
0.70

p
< 0.001
< 0.001
< 0.01
0.48

The covariation account does not make predictions for listeners’ patterns of performance at later gates in this study, when they have vocalic material available to
them to make their determinations. It is possible that they would display a pattern that looks like a forward context-target contrast effect, as listeners in the sushi
studies did. But this is not necessarily predicted by this account, especially given
that mid vowels are less extreme in the distinctness of their F2 frequencies, and so
the covariation they could elicit from sibilant fricatives would, in turn, also be less
extreme.
Proportions of listeners’ spectrally low “o” responses in the consonantal contexts
of /e/-, no-, and /o/-biasing both /s/ and /S/ at the 185 and 582 ms gates are
plotted in 3.3. As can be seen in Figure 3.3, listeners’ responses were more sensitive
to continuum step at the 582 ms gate, where their proportion of “o” responses at
the /o/ continuum endpoint was closer to 1, and their proportion of “e” responses
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at the /e/ continuum endpoint was closer to 0, than at the 185 ms gate. There is
also a slight difference in their responses after different fricative identities across the
two gates, where it seems at 185 ms that listeners are more likely to respond with
spectrally low “o” after spectrally high /s/ than low /S/.

Figure 3.3. Experiment 5 mean proportions of spectrally low “o” responses across
spectrally high to low /e/ to /o/ continua in the contexts of preceding spectrally high
alveolar /s/ and low postalveolar /S/ fricatives. These fricatives themselves contain
formant structure consistent with a following /e/ or /o/ vowel, or neither.

A mixed effects logistic regression with fixed effects of centered and scaled Step
nested inside Gate (185 ms = -0.5, 582 ms = 0.5), fricative Bias (/o/-bias = 0.5, nobias = 0, /e/-bias = -0.5), fricative Quality (/S/ = -0.5, /s/ = 0.5), and the interactions
of Bias x Quality, Bias x Gate, and Quality x Gate, as well as de-correlated random
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slopes and intercepts for participants, was fitted to listeners’ responses at the 185 and
582 ms gates. The fixed effects table is given in Table 3.4, below.
Table 3.4. Fixed effects table for mixed effects logistic regression on Experiment 5
at 185 and 582 ms
Fixed effects
β̂
Std. error
z
Intercept 0.19
0.04
4.36
Fricative Bias 0.04
0.04
1.02
Fricative Quality 0.14
0.04
4.08
Gate 0.48
0.07
7.15
Gate - Step: 1 to 20 0.19
0.07
2.89
Fricative Bias x Fricative Quality 0.10
0.14
0.70
Fricative Bias x Gate -0.12
0.09
-1.36
Fricative Quality x Gate -0.12
0.07
-1.75
Fricative Bias x Gate - Step: 1 to 20 -0.04
0.09
-0.43
Fricative Quality x Gate - Step: 1 to 20 0.11
0.07
1.56

p
< 0.001
0.31
< 0.001
< 0.001
< 0.01
0.48
0.17
0.08
0.67
0.12

The model revealed no significant effect of Bias. But it did find a significant
effect of Quality, such that listeners responded with low “o” more after high /s/, a
significant effect of Gate, such that listeners responded with low “o” more at the 582
than the 185 ms gate, and a significant effect of Step within Gate, such that listeners’
responses were more categorical at 582 than 185 ms. The Quality x Gate interaction
was marginally significant, in the direction of listeners responding low “o” more after
high /s/ in the 185 than the 582 ms gate, but no other effects reached significance.

3.5.4

Discussion

Experiment 5 demonstrated that listeners can anticipate the front- or back-ness
of an upcoming mid vowel when presented with a sibilant fricative that contains
some of the formant structure of the upcoming vowel. When provided with fricatives alone, as in the 135 ms gate, listeners more often respond that “o” will follow
an /o/-coarticulated fricative, and more often respond that “e” will follow an /e/coarticulated fricative. When presented only with a fricative that is equivocal in the
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front- or back-vowel formants it contains, listeners strongly anticipate neither “o” nor
“e.”
In the later two gates, 185 and 582 ms, listeners always heard both a fricative and
some vocalic material. The vowels and vowel-parts that they heard never mismatched
the /s/ or /S/ quality of the fricative, but listeners did at times encounter mismatches
between the fricative’s bias and the vowel’s identity, especially in the case of nearendpoint and endpoint stimuli. At the 185 ms gate, listeners on each trial heard both
a fricative and the consonant-vowel transitions consistent with one of the steps of the
/e/ to /o/ continua. Listeners at this gate respond with judgments that look like
forward, context-target contrast: they responded more with low “o” after high /s/
fricatives. At the 582 ms gate, listeners heard the entirety of the test syllables: a
fricative, a vowel, and a voiced velar stop /g/. At this gate, there is less evidence
of a forward contrast effect, as seen in the smaller separation of dashed and solid
lines in the 582 ms gate than the 185 ms gate in Figure 3.3. This accounts for the
marginally significant interaction of Quality x Gate; it is still the case that listeners
responded more low “o” after high /s/, they simply do so slightly less at 582 ms. This
difference between the gates, small though it is, could be the result of the different
acoustic intervals available to attend to at each gate. At the 582 ms gate, listeners
can base their responses on the entire vowel interval, and so the effect of the fricative
may be expected to be less than when listeners can only rely on the fricative and the
first 50 ms of the vowel. The presence of an apparent forward contrast effect overall
should not be surprising; this parallels what is found for the sushi results, and so
is compatible with the learned covariation account of listeners’ parsing strategies for
strings of sibilants followed by front versus back vowels.
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3.6

Conclusion

In this chapter, I have argued for a view of spectral contrast effects that distinguishes between standard, or default, behavior for segmental parsing and specialized,
or segment string-specific behavior. Under this view, standard spectral contrast arises
from stimulus-specific adaptation that operates on acoustic evidence attribution determinations made by PLEA. Regressive perceptual assimilation takes place to the
extent possible while the first of two sounds is being apprehended. Its products become the basis of the neuronal adaptation that attenuates responses to the frequencies
of the first segment when the listener is evaluating the second of those two segments.
This has the consequence that responses to judgments about the nature of the second
segment are apparently governed by sensitivity to the differences between the first and
second segment. The effect of judgment order of context and target sounds, such that
assimilation is found in target-context orders and contrast is found in context-target
orders, is expected under a view of incremental information attribution, a property
of this account taken up in Chapter 4.
This approach also identifies situations in which standard parsing operations will
not apply. The cases in which the acoustic properties of the signal do not support
contrastive judgments discussed in section 3.4.1 are importantly similar to those in
which the acoustic properties of the signal also do not seem to support assimilation,
discussed in section 2.5.2 in the previous chapter. In both cases, it seems that a
large enough acoustic difference between a preceding and following segment prevents
the processes that yield assimilation and contrast from applying. In the case of
assimilation, at present it is not known exactly what kinds of acoustic discontinuity,
e.g. spectral weight, intensity, or periodicity, do and do not forestall assimilation. In
the case of contrast, the differences that have been identified are those of frequency
bands and their intensities. In this chapter, I have argued that this is consistent with
SSA as the underlying mechanism for contrast: if two sounds are sufficiently different,
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then attenuation of the neuronal responses to the spectral properties of the first will
not affect the relative qualities of neuronal responses to the properties of the second.
When the two sounds’ acoustics differ too much, the perceived difference between
the second and the first cannot be enhanced by the attenuated neural response to
the first. Ulanovsky et al.’s work on the auditory cortex suggests that this is the
result of the frequency-specific tuning of the neurons there. This model of contrast
as SSA thus suggests that possible disruptions of spectral contrast judgments can
only be spectral discontinuities, unlike the way that PLEA-type assimilation may
be sensitive to disruptions of the continuity of the signal that are not themselves
spectrally-based.
Default segmental parsing operations are also argued not to determine ultimate
parses when listeners have enough specialized knowledge about the covariation of the
sounds in the string that they are hearing that they can be confident about the sound
that will come next when hearing the first sound in a sequence. In such cases, decisions
about evidence construal are perhaps not necessary, since the evidence has already
uniquely identified both of the phones in the sequence. PLEA is not predicted to
determine ultimate parses when listeners do not face acoustic ambiguity, while SSAbased contrast is not necessary if the second sound in a sequence is already known,
because if it is already known, it does not need to be evaluated for its properties
as they differ from the first sound. Thus, assimilatory judgments on the first of
two highly covarying sounds and contrastive judgments on the second of two highly
covarying sounds are unexpected.
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CHAPTER 4
TOWARD A MODEL OF SEGMENTAL PARSING

This chapter addresses the question of what properties a unified model of segmental parsing would have if it were consistent with the arguments in Chapters 2 and 3.
The first part sets forth the case that spectral weight evidence in speech is mapped
to structure incrementally, as different structural analyses are built in parallel, and
that spectral weight evidence must be able to interact with other kinds of cues. It
explains the sense of parsing default intended for the PLEA approach to assimilation
and the SSA mechanism for contrast. The second part addresses the ways in which
the findings presented and the approach advocated here are incompatible with the
direct realist approach to speech perception, which was set aside in Chapter 1. It is
argued that an auditorist approach to speech perception can generate a viable model
of segmental parsing that is at least as complete as direct realist ones.

4.1

Summary of previous findings

In the previous chapters, the properties of assimilation and contrast with spectral
weight cues were discussed. This section summarizes the findings and arguments of
Chapters 2 and 3, so that they are available before discussion of their implications
for our understanding of how segmental parsing takes place.
In Chapter 2, assimilation between speech sounds was investigated. When listeners must categorize an ambiguous target sound as one speech sound versus another
before a context sound, they map the ambiguous target sound to the choice alternative that is most similar to the context sound that followed the target. This was
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characterized as perceptual assimilation, under which listeners construe acoustic material that, in a natural speech stream, would be the product of both the target and
the context segments’ articulatory productions, as evidence about the quality of the
target segment. The degree to which listeners do this seems to be sensitive to the
gradualness of the acoustic change between the target and the context, such that
more gradual changes elicit more assimilatory decisions. Such assimilation happens
in cases where the following context speech sound is clear and unambiguous. Even
when listeners should have been able to wait for evidence about the quality of the
context, have gained a thorough measure of its value, and have been able to calculate how it would have affected the target so as to discount the context’s effects and
make a less-biased decision about the target’s identity, listeners do not seem to do
so. I argued that there are non-trivial similarities between this perceptual assimilation and auditory saltation, the phenomenon by which listeners attribute the second
of two tones to the source of the first tone, and impute movement of that source.
Saltation occurs across different frequencies, and occurs to a greater degree when the
change in frequencies between tones is smaller (Kawabe, 2008; 2010). This is exactly
what would need to be the case if formant transitions could be subject to saltation,
and if saltation underlies the greater rate of assimilatory responses to more gradual
frequency changes in formant transitions. Geldard and colleagues (Geldard, 1975,
1982; Geldard & Sherrick, 1983; Lockhead, Johnson, & Gold, 1980) have argued that
saltation arises early in the nervous system, and so if it is the source of perceptual
assimilation effects in speech sounds, then we could conclude that the product of
assimilation is fed forward to later, more central stages of auditory processing.
In Chapter 3, contrast effects between segments were discussed. The prevailing
proposal for the physical basis of spectral contrast effects is stimulus-specific adaptation, which has been observed in the neuronal responses of the auditory cortex.
If assimilation has its basis in the early perceptual system, then the products of
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assimilation are fed forward to the primary auditory cortex (A1), which could find
contrast over them. This could account for the effect of the order of contexts and
targets in determining which context effect is observed. Assimilation, which is found
in target-context judgment orders, could occur because listeners continue to attribute
incoming acoustic information to a source that has already been posited, which for
speech sounds would be the first of two segments. As the signal unfolds, its spectra become less like the first segment’s and more like the second segment’s, yet, in
order for assimilation to take place, this change is gradual. As PLEA-based attribution to a first segment is occurring, neurons in A1 could begin to be adapted to
frequencies successively closer to, but not exactly the same as, the following segment’s
frequencies. Contrast, which has been found in context-target orders, would require
listeners’ neurons to be adapted to the frequencies of and around a first segment’s
before they could be less responsive to the second segment. Once this has occurred,
the greater responsiveness at these other, more recently-begun, frequencies results in
targets being judged as different from their preceding contexts.
Notable across the assimilation effects in Chapter 2 and contrast effects discussed
in Chapter 3 is the fact that proposed default behaviors occur in situations of acoustic
ambiguity. When there is enough information in the signal for listeners to leverage
contextually-specific knowledge, they do not hallucinate, for example, by rendering a
contrastive judgment and calling a clearly spectrally low /p/ a “t” after a low /o/.
But when the signal does not contain enough information for listeners to leverage
structure mapping procedures that depend on more unambiguous acoustic properties
in the input, their behavior reflects the action of low-level, non-language-specific
auditory grouping and evaluation mechanisms.
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4.2

Desired properties for a model of segmental parsing

In order to successfully parse acoustic input to a phonological representation, a
listener must be able use a parser that can accommodate the contextual variation in
speech sounds’ realizations. In this section, I will argue that this parser must have
certain key characteristics in order to perform its task: it must use components of
the early perceptual system to begin assessing the various components of the acoustic
signal, it should treat spectral weight information incrementally, to the point of potentially failing to fully disentangle coarticulation, and it must be able to recover from
initial errors in mapping the input it has received to the speaker’s intended message.

4.2.1

Different cue qualities and different sources of mappings

Any model of segmental parsing must be able to map from the continuous acoustic input of the speech signal to the discrete phonological representations that are
posited for higher levels of structure. In order to discretize a continuous signal, the
listener must be able to determine which components of the input should be construed as evidence for which units of structure. Implicit in the proposal thus far has
been the assumption that understanding segmental parsing requires positing different
mapping procedures from acoustics to representations for different kinds of acoustic
cues to segmental identity. The PLEA default has been argued to apply only to
spectral weights, and not duration of specific intervals in the speech stream, as cues
to segmental contrasts. Saltation, which has been argued to be the physiological
basis for assimilation, manifests when two sounds are construed as perceived motion
of the source of one sound. This suggests that auditory saltation is the product of
the peripheral parts of the nervous system, which treat distance in frequency space
similarly to how they treat distance in visual space. If perceptual assimilation is the
manifestation of auditory saltation on speech sounds, then it is the result of the way
that the peripheral nervous system interpolates across distances in frequency space.
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Contrast is similarly the product of a physiological effect that is particular to spectral
weight. SSA is expected to apply only to overlapping and close frequencies, because
of the frequency-particular tuning of the neurons of A1. Thus, these two auditory
processing mechanisms would uniquely affect spectral weight cues. Durational cues
would be expected to have their own default parsing behavior, as yet unidentified.
So, too, would other dimensions of the signal, such as assessing a segment’s degree of
periodicity or noisiness.
The above is not to say that different kinds of cues could not mutually inform
each other’s recognition and evaluation. For example, durational and spectral cues
have been shown to trade with each other in informing listeners’ identification of the
same segment. When an oral stop’s voice onset time (VOT) is ambiguous between a
voiced or voiceless stop, the value of its following first formant determines listeners’
identification of that stop’s voicing specification. The category boundary between
voiced and voiceless stops changes among different VOTs depending on the rate of
change of the first and second formants, such that the more gradual the spectral
change of F1 and F2, the longer VOTs at which listeners answer “voiceless.” Thus,
spectral cues, i.e. formant frequencies, inform the construal of VOTs for the purposes
of segment identification (Benki, 2001; Kingston, Diehl, Kirk, & Castleman, 2009;
Kluender, 1991; Stevens & Klatt, 1974, inter alia) (Benki, 2001; Kingston, Diehl,
Kirk, & Castleman, 2008; Kluender, 1991; Stevens & Klatt, 1974; i.a.).
Importantly for this approach, there are two different ways that different kinds of
acoustic cues could be treated by the perceiver. Either differentiation among cue types
must be a function of the architecture of the perceptual system as proposed here, or
there must be interactive feedback connections from higher-level processing to initial
perception to make streaming of certain cue types preferred at certain times. There is
no evidence in the peripheral auditory system for a general gatekeeper, switchboard
unit, or process that determines the streaming or separate treatment of different as-
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pects of the input (indeed, there seem to be basic acoustic properties of a signal that
listeners cannot evaluate separately from each other; see Kingston et al., 2008, for
evidence that acoustic correlates of voicing cannot be perceived separably, and Repp
1979, for evidence that listeners cannot perceive stop aspiration amplitude and duration independently). But positing that some cue kind-specific evidence construal
processes can arise from properties of the early perceptual system avoids the need for
such an initial executive sorter, and permits a strictly feed-forward model of segmental parsing as it feeds into word recognition. PLEA-consistent treatment of spectral
weight information as evidence about the unit of structure currently under consideration can arise from the same source-localization and temporal-organization mechanisms that cause the perceptual system’s interpolation across a gap of sufficiently
short duration between two sufficiently similar discrete inputs. Spectral contrast via
SSA can take the shape that it does, with its consequences for sufficiently similar
and intense frequencies, because of the frequency-specific tuning of the neurons of the
auditory cortex. And the early stages of what will turn out to be speech processing
can have their basis in general perception, without the need to posit feedback from
higher levels of processing on initial perception.
In addition to differentiating among different kinds of acoustic properties that can
serve as cues to segmental identity, the approach pursued here at its core relies on a
distinction between language-particular knowledge about how sounds covary versus
general mapping tendencies between acoustics and representations that are grounded
in the physiology of the auditory processing system. What have been called “default”
acoustic input mapping procedures like PLEA or SSA arise in the earlier stages of
perception, pre-cortically and in primary auditory cortex, respectively, but only determine the ultimate attribution of acoustic evidence to one or another segment in
the case that no other, more contextually well-defined procedures that rely on the
recognition of cues’ linguistic values are later successful at resolving which sound
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should be the one to be updated based on the evidence under consideration. The
existence of such segment-dependent mapping procedures would allow a listener to
display the kind of language-specific behavior that is shaped by cross-linguistic defaults that Lahiri and Marslen-Wilson’s (1991) Bengali participants did. Recall that
in minimal triplets of lexical items like /CṼC, CVN, CVC/, where a beginning CṼ
string could resolve to either simply a nasal stop or a nasal vowel followed by an
oral stop, listeners construed vowel nasalization as evidence of a nasal vowel. But in
minimal doublets /CVN, CVC/, where a beginning CṼ string could not resolve to a
vowel that was nasal in its own right, Bengali listeners used nasalization to predict
an upcoming nasal coda. Language-specific knowledge of possible lexical items governed whether nasalization could be used to definitively predict an upcoming nasal
consonant. But listeners did not hedge their bets in minimal triplet cases, where
they could have answered by anticipating “CṼC” and “CVN” continuations in equal
proportions. Instead, they used nasalization as evidence of a nasal vowel, CṼC, when
this was possible. As argued in Chapter 2, this is consistent with the action of a
lower-level default to attribute evidence to a segment currently being heard whenever that evidence is continuous enough with what has come before that can be so
attributed. Consistent with the approach advocated for here, this default regressive
attribution takes place when lexical knowledge does not uniquely reject one potential
outcome.
Key to understanding the use of the acoustic signal is understanding the time
course over which information use operates. In the next section, I will advance the
case that the spectral weight property of the acoustic signal is used as evidence
about the sound(s) under consideration as fast as information about spectral weight
is received. This is an important difference between it and other kinds of acoustic
information, or other more-specified mapping procedures from acoustic input to representations. While this dissertation argues that the use of spectral weight evidence
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seems to evince incrementality, it does not contend that other parts of the speech
stream are necessarily treated this way by listeners.

4.2.2

The case for incrementality and parallelism

The PLEA hypothesis as stated here is based on the assumption of incrementality: that spectral weight evidence is attributed to some representational unit as
soon as it is received, and is not buffered or reserved until a later decision can be
reached with more complete information. Here it is important to distinguish among
(non-)incrementality, serialism, and parallelism in the different possibilities for parsing input to structure(s). Any non-incremental model of parsing against which I argue
below is the kind in which listeners would simply hold spectral weight information
unstructured in memory until the speech string had ended, then decide all at once
which segments had occurred in the interval that had been thusly buffered. The incremental mapping to structure advocated here takes the form of listeners attributing
spectral weight information as it is received, without buffering longer intervals of it to
wait for more evidence to disambiguate the string. The question of whether parsing
takes place serially versus in parallel is orthogonal to the question of whether it is
incremental or not. Under a serial approach, input is mapped to only one structure.
This could occur incrementally, under which only one structure is augmented as more
material is received, or non-incrementally, under which information is held unstructured until the end of the input string, and then one unique structure is assigned to
it. Alternately, structures can be built in parallel either incrementally or not. Nonincremental parallelism would only differ from non-incremental serialism in that, in
the occasional cases of global ambiguity, non-incremental parallelism would wait for
the whole string to unfold before mapping it to all of the different structures compatible with it. Advocated here is an incremental, parallel structure-building approach,
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whereby the listener maps incoming spectral weight evidence to all possible segmental
structures consistent with it as that evidence becomes available.
Several points support this conclusion. One is an argument that the shape of
the parser and its actions are less arbitrary under the assumption that spectral information is incrementally mapped to structure in real time; this will be explained
in the next section. Other arguments depend on considering human parsing behaviors at other levels of linguistic structure. Incrementality is necessarily an attribute
of parsing for both word recognition and sentence parsing (Frazier, 1979; Frazier &
Rayner, 1982; Marslen-Wilson, 1984; Marslen-Wilson & Tyler, 1980), and so assuming that it is not a property of parsing at the segmental level would be to assume a
distinction between segments and higher levels of structure without evidence. Similarly, the need for parallelism has already been well established for lexical processing
(Zwitserlood, 1989; Zwitserlood & Marslen-Wilson, 1989). Assuming serial structure
building would be under-motivated, but the fact that listeners can normalize to speech
rates and speakers automatically, and often with great ease from the very beginnings
of utterances suggests that listeners are able to entertain multiple possible structures
at once in order to accumulate more evidence based on which they can relativize the
early cues they have heard to the properties of the speaker’s speech.

4.2.2.1

The argument from non-arbitrary procedures

Ohala (1981) identified cases of perceptual assimilation similar in one respect to
those studied here. He dubbed them “misparsing,” and reasoned that they would only
occur when listeners could not fully identify the context sound that had contributed to
changing the a target’s quality. He reached this conclusion under the assumption that
the listener would use any unequivocal information about the context sound, if it were
available, in order to successfully un-do the effects of that context’s coarticulation with
the target. There would otherwise be no reason for a system the purpose of which
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was to un-do coarticulatory corruption to allow the effects of such coarticulation to
persist in influencing the identification of a target.
The studies presented in Chapters 1 and 2 have found assimilation with clear following context consonants. This presents a problem for an understanding of the use
of spectral weight cues that posits that they are buffered and held in reserve until
enough of the signal is heard that all of the coarticulatory effects present could be
calculated and un-done. But even an account that posits both that spectral weight
evidence is buffered and that coarticulatory effects are not un-done in conditions
such as Experiments 1 through 3, would then have to explain when and why the
listener chooses, on the basis of full information about the speech string, to assimilate
early/leftward at the rates and in the conditions that listeners seem to. Without
an appeal to incrementality and a short latency between successive attribution decisions, such an account would be at a loss to explain the effects of acoustic continuity
or gradual frequency change on rates of assimilation, the parallels between perceptual
assimilation of speech targets and source-attribution effects in other domains of perception, or the general motivation for not un-doing coarticulatory blending if enough
information were accumulated at once to do so.

4.2.2.2

The argument from other parsing behavior

Parsing at levels of hierarchical structure larger than segments has been shown
to demonstrate behavior that is uniquely consistent with incremental mapping from
input to structure as a signal or string unfolds. For this reason, positing that spectral
weight evidence is not incrementally applied as it is received amounts to deciding that
incrementality is restricted to the word and higher levels of structure. It is unclear
what the motivation for such a conclusion would be.
Marslen-Wilson (1984) and Marslen-Wilson and Tyler (1980) demonstrated that
auditory word recognition proceeds incrementally. Listeners are able to correctly an-
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swer that they have heard a word before its acoustic offset, and they are able to identify a target phoneme in a word faster if the uniqueness point of that word, the point
in the segmental string after which no other words could possibly be consistent with
the input, was earlier. Neither of these results would be possible if listeners waited
to hear all of the segments in a string before mapping to possible lexical structures.
Zwitserlood (1989) and Zwitserlood and Marslen-Wilson (1989) demonstrated that
potential lexical structures are built in parallel, and alternative structures are eliminated as the segmental string continues. Their cross-modal priming results revealed
that words that are semantically related to all lexical structures that are consistent
with an unfolding segmental string up to the point of presentation are activated. But
past a word’s uniqueness point, only words that are semantically related with the
target word display priming, as though the structures compatible with only the beginning of the segmental string have been rejected from further consideration. This
evidence supports the view that listeners’ parsing of segment strings is incremental;
they do not wait until the end of a string of segments to assess those segments’ lexical
status. Instead, word recognition proceeds as quickly as it can, anticipating likely
continuations to the string under consideration, and showing evidence that all possible terminal parses of the string that are consistent with the evidence up to the
current point in time remain active.
At the sentence level, the need for incrementality may be most easily demonstrated
for this discussion by consideration of garden-path effects (Frazier, 1979; Frazier &
Rayner, 1982), under which comprehenders experience processing difficulty when a
sentence resolves in a structurally unexpected way. This is illustrated by the sentences
in (1). In the sentence Jacques saw the man was sad, comprehenders temporarily experience difficulty at was, because their first analysis of the man is not as the subject
of an embedded sentence. In the sentence The gymnast overtrained for the Olympics
collapsed, comprehenders again experience difficulty, because they first analyze the
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sentence as the simple The gymnast overtrained for the Olympics, in which the gymnast would have simply have done too much, as opposed to considering a structure in
which the gymnast, who had been over-worked (perhaps as a result of an overzealous
or incompetent coach), did something else.
(1)

a. Jacques saw the man was sad.
b. The gymnast overtrained for the Olympics collapsed.

Both of these sentences cause comprehenders difficulty in reaching the correct
analysis of their structures, something that would not happen if, instead, human
sentences parsers waited until the very end of a sentence to assign it the best possible
structure.
So far as I can determine, there is no way to test for garden path effects at the segmental level. It seems impossible to construct a naturally-occurring multi-segmental
garden path configuration in clear speech. Coarticulatory cues would give away the
upcoming less-expected conclusion well before the temporal centers of the segments
that made that conclusion unexpected. Synthetic segments, naturalistic enough to
count as something like what listeners may encounter, but containing necessary ambiguities followed by relatively unexpected resolutions, may be possible to construct.
But gaining fine-grained time course information about listeners’ attributions within
one segment, such that a garden path effect could be observed, is likely beyond the
scope of even the most time-sensitive measures, such as visual world eyetracking or
response-signal behavioral tasks. Under the estimate that it takes 100 ms to plan
and execute a saccade or 200 ms to plan and execute a button press, listeners would
already have access to disambiguating information before they could plan and execute a response if the ambiguity and disambiguation were contained within a single
segment. For these reasons, it is likely not possible to find positive evidence that
uniquely supports an incremental approach to spectral weight cue attribution over
an approach of buffering unfolding information, then resolving spectral weight attri117

bution using all possible information. But the arguments advanced here nonetheless
suggest that models of segmental parsing that do not treat spectral weight evidence
incrementally will be forced to explain identifiable attributes of the use of spectral
weight cues and their similarities to other domains of cognition and levels of linguistic
structure via some other, less well-motivated means.

4.2.3

The case for parallelism

As presented in the previous section, there is evidence that listeners consider all
possible words that begin with the string that they have heard so far in the identification of a word. Unfortunately, testing whether acoustic information is mapped
to various possible segmental structures simultaneously is likely not possible, for the
same time course reasons discussed above. But given the way that word recognition
works, and the benefits of parallel segmental structure building versus the potential
drawbacks of serialism, it seems likely that the incoming speech string is mapped to
all possible segments consistent with it, especially at the beginning of an utterance.
Perhaps the most difficult part of parsing a string of speech sounds is recognizing
the contextual variant of the first sound in that string. Because there is no preceding
context relative to which to evaluate it, listeners are forced to identify it absent other
sources of information that they would normally have available to them. Such missing
information includes the speech rate and speaker-specific information that can inform
listeners of what kind of interval counts as long or short, or what kind of spectral
weight counts as high or low, for the speech of the speaker that they have just begun to
hear. But successful identification of the first segment(s) in a string is a high-stakes
endeavor, because the likelihood of correctly identifying all the other sounds that
follow will depend on the successful determination of the initial sound’s or sounds’
identity or identities. For example, depending on the identity of the first sound in
a string, different phonotactic restrictions could apply to make listeners disprefer
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certain segments as potential candidates for the identities of upcoming sounds. One
way to guard against an irrevocable misidentification of the first sound(s) in a string
is to simultaneously build all of the structures with which the unfolding speech stream
may be compatible, and then begin to develop preferences or dispreferences among
them on the basis of more information as the speech stream unfolds.
Once a sound is recognized, its coarticulatory properties can then be accommodated. The listener can begin to understand the effects that this sound will have on
the one(s) after it, and start to anticipate the next segment(s) to follow by employing
both what s/he knows about the lexicon and the probabilities of certain strings and
evidence in the signal from the effect that this later sound has had on the earlier
sound. Listeners therefore need to be able to recover from a misapprehension of a
sound, or not over-commit to that sound’s identity while building the string that
they are hearing. Suggestive evidence that listeners do this comes from comparing
Kingston et al.’s (in preparation) Experiment 1c, in which listeners assimilated vowel
targets to consonant contexts in the words hoop, heap, heat, hoot, with cross-spliced
final stop bursts. In their Experiment 1b, listeners responded to a vowel continuum
in the context of stop consonants that resolved with bursts consistent with the vowel
transitions of the continuum. In their Experiment 1c, listeners responded to a vowel
continuum in the context of stop consonants with bursts that had been cross-spliced,
so that the burst of a /p/ followed vowel-consonant transitions into a /t/, and the
burst of a /t/ followed transitions into a /p/. Listeners assimilated less in Experiment
1b than Experiment 1c, that is, they assimilated less when bursts were consistent with
transitions than when they were inconsistent. It may be inferred that listeners used
the final bursts that they heard in the cross-spliced stimuli to revise their initial
parses, and in so doing increase the degree to which they perceptually assimilated
over and above whatever the normal degree of regressive attribution for these stimuli
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is1 . Parallelism of structure building would allow listeners to simultaneously entertain
different parses of the incoming string, while alotting more likelihood to (a) preferred
parse(s), and to re-analyze the information they had heard in order to later prefer a
different parse if necessary.
It is difficult to imagine the function of a serial segmental parser feeding into parallel word-level structure building. Such an architecture would require that, somehow, listeners would have to reach one identification for each segment, presumably
by resolving all coarticulatory cues possible, but retain enough ambiguity about upcoming segments that they still held open the possibility of various continuations to
the beginning of the word, as though coarticulation-based anticipation of upcoming
structure were not being used to form absolute predictions. This dichotomy seems
far-fetched. Furthermore, if listeners were to pursue only one possible segment mapping for each group-able cluster of acoustic properties, they would be required to
backtrack and reanalyze whenever they had finally detected that the single analysis
they had pursued was inconsistent with the material that followed. Given how quickly
fine-grained acoustic detail is known to fade in memory, localizing the source of the
first erroneously-mapped segment and then discovering the appropriate alternative
may become impossible too fast. But if listeners map to segmental alternatives as
well as lexical ones in parallel, and structures are never completely excluded from
consideration, but instead can be deemed more or less (un)likely by the listener (as
is the case in many instantiations of parallel structure building; see Stolcke, 1995,
1

An alternate interpretation is possible: listeners could assimilate to the same extent in both
consistent-burst and cross-spliced burst conditions, but then revise to have assimilated less in the
normal/consistent-burst conditions, because they could attribute the spectral properties of the transitions to the stop as they attributed the spectral properties of the burst. This alternative is dispreferred here, because there is nothing in the signal that would prompt such revision if vowel-stop
transitions were compatible with the preceding vowel and the following stop: Why should the parser
revise a speech stream with no inconsistencies? The interpretation adopted here posits that listeners
revise in order to more confidently attribute spectral weight evidence to the vowel after they hear
that it cannot be the product of the stop.
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for the proposal that phrase structure rules can be probabilistically applied to parse
inputs), then initial errors are not irrevocable.

4.2.4

Interim summary

In the preceding sections, I have argued that the best model of human segmental parsing is likely one that differentiates among cue qualities, but allows cues of
different kinds to mutually inform each other, admits of the use of domain-general,
auditory system-specific, as well as language-particular information, maps spectral
weight information to segments as such information is received, and does so in parallel consideration of multiple possible analyses.
All of this is grounded in the assumption that it is necessary to situate segmental parsing procedures in general auditory mechanisms. If one takes an alternative
approach, in which grounding in general audition is rejected, entirely different conclusions about the shape of the speech segmentation system would likely be reached.
In the next section, I discuss why the most prominent such approach, direct realism,
is inadequate to explain the results presented here.

4.3

Incompatibility with direct realism

The direct realist approach to speech perception (Fowler, 1986; i.a.) posits that
listeners “directly perceive” the gestures that underlie the production of the speech
stream. This is because gestures are the events in the world that produced the sounds
that the listener hears, and so, since perception serves to inform the perceiver about
events, these events are the currency of perception. For speech perception, then,
gestures form the atomic units of representation. Listeners are able to distinguish
gestures, because the acoustics of the speech stream are structured by the action of
a producer’s vocal tract so that listeners can transduce the gestures that formed the
articulatory products that have been overlapped in the acoustics. It is therefore au-
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tomatic for listeners to perform compensation for coarticulation, because the acoustic
effects of one gesture are always heard as separable from the acoustic effects of another. This is an alternate account of the contrast judgments discussed as auditory
contrasts in Chapter 3. Under the direct realist approach, listeners do not judge one
sound as different from the one before it due to any kind of change in the listener’s
internal state. The contrast judgment comes from directly mapping the acoustics of
the sounds’ blends as though there were unblended, attributing only the parts of the
acoustics that were caused by the gestures that produced a segment to that segment,
and then concluding that the segments next to each other are different as a result.
The presence of a context sound next to a target sound in the speech stream should
not cause any sort of perceptual distortion in the apprehension of the target’s properties. Instead, transducing to the correct articulatory gestures that produced the
speech stream is the only expected outcome.
The assimilation effects reported here and elsewhere, and the dependence of assimilation versus contrast on order, are both mysterious under the direct realist approach. Assimilation effects are not predicted under a compensation for coarticulation
account. There is no mechanism that would give rise to assimilation except Ohala’s
account that when listeners cannot hear following contexts, they can fail to receive all
the information necessary to complete compensation for coarticulation. The context
segments in all of the studies here are clear and unambiguous, and this account cannot apply. Similarly, direct realism is at a loss to explain the dependence of contrast
versus assimilation on the order of contexts and targets. Because compensation for
coarticulation should rely on the structure provided in the signal, contrastive judgments should occur whether the target precedes or follows its context.
Fowler (2006) argues that this prediction of bi-directionality in contrastive judgments is a desirable one, because Fowler considers cases of sounds that differ in many
other ways than just spectral weight. To Fowler, compensation for coarticulation
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is a more general account than that of auditory contrast, because coarticulation of
all kinds, with all different qualities of speech sounds blending their acoustic consequences, can be undone by compensation for coarticulation. Therefore, any cases in
which listeners use knowledge of sounds’ acoustic blending to apparently accommodate the effects of each sound on the other can be explained under the direct realist
account. But spectrally-based auditory contrast can only account for contrastive
judgments in cases in which two sounds differ in their spectral weight, and the target
sound comes after its context. Fowler argues that the generality of compensation for
coarticulation makes it the preferable account of cases of contrast effects.
Fowler (1989) further argues that direct realism is preferable as an account of
speech perception, because it can unify the explanation of speech perception with the
explanations for perception in other modalities offered by the direct realist approach
(e.g. Gibson, 1966). To Fowler, the explanations offered by the auditorist approach
are not motivated by evidence external to speech perception. Thus, direct realism is
to be preferred because it can be situated in an overall theory of perception, while
auditorism purportedly cannot.
This dissertation builds on Holt’s (2006) strides toward an auditorist understanding of the parallels between speech perception and other domains of cognition. Situating PLEA in auditory saltation relies on mechanisms that are argued to be motivated
in other domains, as well. I have argued in Chapter 2 that saltation takes place in a
more peripheral part of the auditory system, before its products are fed forward to
primary auditory cortex, where stimulus-specfic adaptation can take place. This path
is similar to the path of information posited for visual information, if saltation takes
place early (Lockhead, Johnson, & Gold, 1980), before information is fed forward to
visual cortex (V1).
The vast dissimilarities between the direct realist and the auditorist approaches
to speech perception make comparison or arbitration between the accounts very dif-
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ficult. For direct realists, the world is inherently structured, and its structures are
merely recognized by the perceptual system. No distortions or transformations take
place between the input received by sense organs and the conclusions reached by the
conscious perceiver. For auditorists, structure is implicitly constructed by the perceiver as s/he projects internal organization upon the input that sense organs receive.
Direct realism rejects the very aspects of an account, such as its ground-ability in
general audition, that auditorism would take as the greatest possible virtue. It is
thus difficult to even find situations in which the two accounts make definitive and
opposite predictions. But while neither approach has to date explicitly predicted the
existence

4.4

Conclusion

In this chapter, I have discussed the arguments in favor of a model of segmental parsing with certain properties. I have argued that at least spectral weight cues
should be mapped to segmental structures incrementally, that is, as soon as they are
received. The bases for this conclusion are that it is otherwise unmotivated for listeners to perceptually assimilate in target-context configurations with clear contexts,
and that we know that all higher levels of structure are incrementally mapped. Given
how difficult it is to hold fine-grained acoustic properties in memory for a long period
of time (Pisoni, 1973, 1975), it may even be impossible for listeners to buffer acoustic properties of segments for too long without determining how to more abstractly
represent the speech string.
The evidence and reasoning discussed in this dissertation are compatible with
systems of parsing that map from acoustics to initial representational units that are
any one of (i) phonological of perceptual assimilation effects like those investigated in
this dissertation, the auditorist approach readily accommodates a proposal like that
of PLEA in the same way that it does Holt’s (2006) proposal that SSA underlies
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spectral contrast effects. In contradistinction to this, the assimilation effects here as
yet defy explanation by an unaugmented direct realist approach. features, (ii) whole
segments, or (iii) articulatory gestures. No matter the atomic unit of representation
assumed, however, differentially biased and specialized mappings between the acoustic signal and the representations are posited. I have argued that it is most likely
that all segments that are possibly consistent with the incoming acoustic structure
are mapped to in parallel. This argument was based on the existence of parallel structure considerations at the level of lexical structure building, as well as the argument
from plausibility that a strictly serial segmental parser would not be able to adapt to
different speech rates and speakers as easily as a parser that could consider all possible alternatives in parallel, especially at the beginning of an utterance. The actual
acoustic cue grouping procedures used to construct segments have been argued to
come from different stages of the auditory processing system, (i) the domain-general
function of the peripheral nervous system, (ii) the auditory cortex, and (iii) languageparticular knowledge. The first two of these, which necessarily reflect the physiology
of the auditory system, have been argued to provide the basis for divisions among
kinds of acoustic cues into, for example, spectral weight, durational, and periodic versus noisy. Such cues can in this way sometimes be treated separably, and sometimes
necessarily only in relation to the values of others.
All of these properties are consistent with, but not uniquely designating of, a
strictly feed-forward system. A parser that operated in the way described here could
carry forward determinations about the grouping of acoustic evidence made at early
stages of auditory processing, and only change them if some other, more specificallydesignating language-particular mapping procedure intervened later. In this way,
it would desirably only rely on PLEA or SSA-based defaults in cases of acoustic
ambiguity. Meanwhile, language-particular procedures would be expected to evince
sensitivity to bigram or even high n-gram transition probabilities, because to know
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how two or more sounds covary is to know from hearing the first what the next
one(s) will be. This would satisfy an important requirement for strictly feed-forward
models of word recognition, such as MERGE (Norris, McQueen, & Cutler, 2000) and
Shortlist B (Norris & McQueen, 2008), which assume that they can act on the output
of a segmental parser that is sensitive to transitional probabilities between segments
without requiring feedback from the lexicon.
The approach advocated here is thus explicitly auditorist. It seeks to explain
speech perception by understanding how the mechanisms and processes that listeners
use to perceive speech are seated with respect to those applied to general auditory
perception. This approach contrasts with that of ecological approaches to perception
in seating the construction of structure in the listener, rather than understanding the
world to be inherently structured and recognizable. While the majority of the ideas set
forth in this chapter are not unique or novel in auditorist considerations of segmental
parsing, they have not, to my knowledge, ever been described in a single description
of a system that draws on the evidence provided by perceptual assimilation effects.
This chapter thus takes the next step in answering Fowler’s charge that auditorist
approaches to speech perception do not, and cannot, form a comprehensive model.
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CHAPTER 5
THE CASE OF PLACE ASSIMILATION

This chapter discusses a potential case of the effects of the PLEA segmental parsing default on the phonologies of the world’s languages. First, the results of Bybee
and Easterday’s (in preparation) survey of consonant-vowel and vowel-consonant assimilation processes, and Webb’s (1982) and Jun’s (1995, 2004) typological surveys of
the consonant-consonant major place assimilation processes of the world’s languages
are presented: place assimilation in CV and VC sequences is more often regressive,
and major place assimilation in intervocalic clusters is overwhelmingly regressive,
with different manners of articulation varying in their likelihood of hosting assimilation of a first consonant to a following segment’s place of articulation. These trends
are then discussed in terms of the properties of assimilation identified in Chapter 2,
and it is argued that the predominance of regressive assimilation in CV, VC, and
CC sequences and the differences among manners of articulation that Jun identifies
are what would be expected if PLEA were the basis of all of them. Next, Kirby
and colleagues’ (Culbertson & Kirby, 2015; Kirby et al., 2007; Smith & Kirby, 2008)
work modeling iterated language learning is discussed. It is argued that their findings
provide a proof of concept that a domain-general, weakly active bias such as PLEA
is argued to be could have the sweeping typological effects that are seen in the place
assimilation processes of the languages of the world. Lastly, the relationship of the
PLEA account to phonological accounts of place assimilation is discussed. It is argued
that PLEA provides bases for the perceptual trends that Steriade’s (2001b) account
of place assimilation relies on.
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5.1

Assimilatory interactions between consonants and vowels

All of the studies reported in Chapters 2 and 3 have investigated the properties
of assimilation in either consonant-vowel or vowel-consonant sequences. It would for
this reason be natural to seek evidence of the effects of PLEA on the typology of the
phonological processes found in CV and VC sequences. The PLEA approach would
predict that the first segment in a sequence, whether it is a consonant or a vowel,
should more often take on the spectral weight of the second segment in a sequence than
vice versa. In this section, the findings of Bybee and Easterday’s (in preparation)
study of palatalization are discussed, as well as the reasons for which their survey
cannot be understood as conclusive evidence for the existence of a PLEA-predicted
typological trend.
Bybee and Easterday compiled a sample of 820 synchronic phonological assimilation processes active on CV and VC sequences from 82 genetically and areally
balanced languages. They classified these processes in two different ways: a tripartite
distinction of anticipatory, carry over, or bidirectional, and a bipartite distinction of
anticipatory versus carry over. This bipartite distinction was derived from their tripartite one by adding a count of one to each of the anticipatory and carry over counts
for each of the bidirectional processes. The tables corresponding to their tripartite
and bipartite tallies are given in Tables 5.1 and 5.2, below. Their anticipatory category corresponded to regressive processes acting over the two segments in question,
while their carry over category corresponded to progressive processes. As can be seen
in Tables 5.1 and 5.2, regressive processes consistently outnumber progressive ones,
for both CV and VC sequences.
Two concerns prevent these data from being straightforwardly interpreted as evidence that CV and VC processes are, indeed, more often regressive than progressive in
the way that PLEA would predict. The first is a question of the underspecification of
PLEA’s actual predictions: it is unclear by what margin regressive processes should
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Table 5.1. Tripartite distinction among assimilation processes

C assimilates to V
V assimilates to C
Totals

Anticipatory
86
39
125

Carry Over
17
25
42

Bidirectional
21
25
46

Other
3
1
4

Totals
127
90
217

Table 5.2. Bipartite distinction among assimilation processes
Anticipatory
C assimilates to V
107
V assimilates to C
64

Carry Over
38
50

exceed progressive processes in order to be considered evidence that a PLEA-type
perceptual bias has affected the phonologies of the world’s languages. The second is
a question of the sampling procedure that Bybee and Easterday used to identify the
synchronic processes that were or were not relevant for inclusion in their sample: they
included in their sample only assimilations that they could ‘interpret as retimings’
between the gestures of the relevant segments. Because a retiming interpretation requires analyst judgment, it is necessary to be cautious when construing the trends in
place assimilations in this sample as evidence of the effect of PLEA on phonological
typology. Absent a quantitative prediction about the margin by which regressive processes should outnumber progressive ones, and given the impossibility of assessing the
extent to which this sampling procedure may have only accidentally included more
regressive than progressive processes, we run the risk of a false positive if we interpret
these counts as definitive. For this reason, it is informative to consider another wellknown asymmetry in the direction of assimilation: overwhelmingly regressive place of
articulation assimilation in intervocalic consonant-consonant (VCCV) clusters. Because CC configurations are not tested in the studies presented above, it is necessary
to reason hypothetically about the extensibility of the PLEA account to CC clusters.
But in the discussion that follows, I will argue that the same perceptual bias as that
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argued for in this dissertation contributed to the trends toward more regressive than
progressive place assimilation in CC, CV, and VC sequences.

5.2
5.2.1

Regressive place assimilation in consonant clusters
Manners of articulation that host place assimilation

The discussion here focuses on the typological patterns among the manners of
articulation of consonants that host place assimilation, because manner of articulation
determines the continuity or viability of acoustic cues for PLEA-based perceptual
assimilation. With the notable exception of apical consonants, which is discussed
below, there is no basis from the action of PLEA to differentiate among places of
articulation as more or less likely to host perceptual assimilation. This is because all
spectral weights are equally assimilable under PLEA: there is no reason to expect that
spectrally high coronals more easily participate as targets or triggers of assimilation
than spectrally low labials.
Webb (1982) surveyed 200 languages, and proposed a constraint on progressive
consonantal assimilation processes: ‘such assimilation rules do not change the primary
place of articulation in clusters of true consonants.’ Her survey showed that major
place assimilation is overwhelmingly regressive, such that the in languages in which
an intervocalic consonant cluster, VC1 C2 V, hosts major place assimilation, it is the
first consonant, C1 , that takes on the major place feature of the second consonant,
C2 .
Jun (1995, 2004) builds on Mohanan’s (1993) survey of place assimilation, confirming and refining a description of the typological gaps and implications among the
kinds of consonants that can host assimilation. He identifies trends in the manner
and place of articulation of the target of place assimilation, the segment that is assimilated, and the trigger, the consonant from which the assimilating place feature is
spread. He confirms Kohler’s (1990) observations that nasal stop consonants are the
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most likely segments to be the target of place assimilation. Oral stop consonants are
next most likely, while continuants (fricatives, liquids, and glides) do not assimilate to
the place feature of a following consonant. Moreover, Jun identifies an implicational
relationship: if oral stops in a language undergo place assimilation, then nasal stops
in that language do as well. No language targets oral stops to the exclusion of nasals.
This is illustrated in Table 5.3, taken from Jun (2004), in which “yes” indicates that
the manner of articulation listed in the heading of that column is a type of segment
that can undergo assimilation in the languages to the left of it.
Table 5.3. Manners of articulation in the targets of place assimilation
Language list

Nasal

Stop

Continuant

Catalan, English, German, Korean, Malay,
Thai, Yakut

yes

yes

no

Brussels Flemish, Diola Fogny, Hindi, KeleyI, Lithuanian, Malayalam, Nchufie, Toba
Batak, Yoruba

yes

no

no

Experimental findings confirm roughly the pattern noted by Kohler and Jun.
Hura, Lindblom, and Diehl (1992) carried out a perceptual study, in which they
asked listeners to identify the consonant at the end of the first name in full name
phrases. Different speakers recorded names such as Shanim Perry, Shanin Terry,
Shaning Kerry, Shanip Perry, Shanit Terry, Shanick Kerry, Shanif Perry, Shanis
Terry, and Shanish Kerry, and listeners heard all possible combinations of each first
and last name for each speaker. The majority of errors were non-assimilatory, instead
consisting of listeners’ responding with the segments that Hura et al. referred to as
the “default” segment of each manner of articulation: “n” for nasal stops, “t” for
oral stops, and “S” for fricatives. But when errors were assimilatory, nasals and oral
stops were more likely to be mis-heard as homo-organic with a following voiceless stop
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than fricatives. Hura et al. concluded that this pattern was due to the comparatively
greater auditory “distinctiveness” of fricatives versus oral and nasal stops.
With respect to the manner of trigger consonants, Jun (1995) found that oral stop
consonants are the most common triggers of assimilation. Next most common are
nasals and fricatives, but it is not clear which of nasals or fricatives is more common.
Liquids and glides are the least common triggers of assimilation, although Jun reports
that it is more often the case that it cannot be determined whether liquids do or do not
trigger assimilation on the basis of the lexical items and information available from
a given language, while it is easier to positively determine that glides do not. On
the basis of these data, Jun provides two typological implications about manners of
articulation for trigger consonants: (i) if non-nasal sonorants trigger assimilation, so
do nasals and fricatives, and (ii) if nasals or fricatives trigger assimilation, so do oral
stops. Graphically, this would take the form of Table 5.4, in which I have summarized
Jun’s findings.
Table 5.4. Manners of articulation in the triggers of place assimilation
Language

Stop

Nasal or fricative

Non-nasal sonorant

Catalan, Japanese, Nchufie,
Yoruba

yes

yes

yes

Brussels Flemmish, English,
German, Keley-I, Korean,
Malay, Toba Batak, Zoque

yes

yes

no

Hindi (within a morpheme),
Lithuanian,
Malayalam,
Yakut

yes

no

no

On the basis of the surveys reported by Jun, generalizations can be formed about
the manners of articulation that host place assimilation across them. Oral stops are
the most likely trigger, and the second-most likely target of place assimilation. Nasal
stops are the most likely target, and may also be the second-most likely trigger of
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place assimilation. Fricatives are never targets, but may be the second-most likely
triggers. Typologically, liquids and glides play a marginal role in place assimilation.
In the next section, I focus only on the factors that affect the perception of these
segments’ places of articulation, so as to discuss the role of perception-based PLEA
in the formation of this typology.

5.2.2

The perception of place and its assimilation

This section discusses the pattern laid out above among manners of articulation
that can take the roles of target and trigger in VCCV consonantal place assimilation.
It advances the argument that these patterns may be based in the longitudinal interaction of PLEA with other language-parsing operations in listeners’ apprehension
of VCCV sequences. In order to discuss relative perceptability of cues, Jun (2004)
distinguishes between segment-internal and external cues to segmental identity, following Borden, Harris, Raphael, and Monoson (1994); Wright (1996, 2004); Wright,
Frisch, and Pisoni (1999). Table 5.5 is Jun’s summary table of the cues to place in
different manners of articulation.
Table 5.5. Cues to a consonant’s place of articulation
Segment types

Internal cues

Transitional cues

stops

none

CV, VC formant transitions
release burst

nasals

nasal resonance

CV, VC formant transitions

fricatives

frication noise

CV, VC formant transitions

liquids and glides

formant structure

CV, VC formant transitions

As can be seen in Table 5.5, consonants with all manners of articulation can be
cued by the vowel formant transitions into and out of the consonants themselves. For
this reason, perception of consonant place is always cued, at least in part, by spectral
weight information. In the sections that follow here, these differences in the qualities
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of consonants will be discussed in the context of which properties of each type of
sound may make it more or less likely to participate in regressive place assimilation.

5.2.3
5.2.3.1

A possible PLEA basis for regressive place assimilation
PLEA for targets

If the transitions from V1 into C1 contain no evidence of uniquely identifying
coarticulation or covariation between sounds, then the PLEA default parse will be
employed to construe evidence in that part of the signal. In situations in which
the default parse is used, the spectral weight evidence in V1 C1 transitions will be
attributed to V1 . In situations in which enough information is present to engage
an alternative, non-default parse, regressive perceptual assimilation between V1 and
C1 will not take place, and the listener will be able to form a prediction about the
identity of C1 .
What happens to C1 will then be a function of its manner of articulation, because
that governs both (i) how uniquely identifying C1 ’s coarticulation with V1 is and
(ii) how continuous C1 can be with its context sounds. If C1 is a fricative, it is
likely to create a spectral discontinuity between the vowel transitions into it and its
noise proper. It is also likely to create a discontinuity with any other manner of
articulation of a consonant that follows, assuming that fricative-fricative clusters are
deprecated for other reasons. PLEA-based perceptual assimilation, which requires
gradual change and continuity of spectral weight evidence in the signal in order to
attribute incoming material to an earlier phone, would therefore not act on a fricative
in the target position for regressive perceptual assimilation. Internal cues in the
spectra of its noise would then be used to identify it, and fricatives’ cross-linguistic
imperviousness to regressive assimilation would then be expected.
If C1 is any other kind of continuant, it is likely that it would have either generated
sufficiently uniquely identifying coarticulation with V1 or caused sufficiently unique
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transitions from V1 that it would not be ambiguous later in the speech signal. In the
case of glides, transitions into a glide are longer than those into a vowel, while their
steady states are shorter, more spectrally extreme, and less intense than a vowel’s.
This length could cue listeners to the fact that they are approaching a glide, not, for
example, a stop consonant (Miller & Liberman, 1979; Diehl & Walsh, 1989). The
subsequent steady states of glides include higher F2 and F3 in /j/ than /i/, and lower
F2 and F3 in /w/ than /u/. Once listeners have recognized both that they are hearing
a glide and the identity of that glide, it is unlikely that they would rely on PLEAbased evidence attribution. At the juncture between C1 and C2 , where perceptual
regressive assimilation would have to act in order to lead to eventual phonological
regressive assimilation, a lack of ambiguity would then lead to no change of the
listener’s determination about C1 ’s place. For this reason, it is unlikely that a PLEAbased regressive assimilatory parse of the string would ever be the one relied upon to
identify a glide or liquid C1 , and it is again expected that glides and liquids are not
targeted by phonological assimilation.
As the results presented in Chapters 2 and 3 demonstrate, nasal and oral stops
readily participate as targets of perceptual assimilation of the kind that PLEA is
designed to account for. As argued for the nasal conditions of Experiment 2, in which
listeners assimilated vowels to following nasals in the words comb and cane, nasalization of a preceding vowel does not convey to listeners what the place of an upcoming
nasal will be. Thus, PLEA-based assimilation will attribute acoustic material that
is spectrally consistent with V1 from V1 C1 transitions to V1 . Largely inconsistent
material will be left unattributed and unadapted to identify C1 . For a nasal C1 ,
nasal murmur itself does not convey place of articulation information (Kurowski &
Blumstein, 1987), and so listeners would be expected to rely more on the spectral
weight of the steady state formants and, especially if there were ambiguity about the
nasal’s steady state, any transition into a following sound to determine a C1 nasal’s
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place of articulation. Similar reasoning holds for oral stops as the C1 of a V1 C1 C2 V2
string. The results of Experiment 1 presented in Chapter 2 further demonstrate that,
if there is a difference between nasal and oral stops in their viability as targets of
regressive perceptual assimilation, it is that nasal stops undergo more assimilation
than oral stops do. For these reasons, nasal and oral stops as the most frequent targets of phonological assimilation, and nasal stops as more frequent than oral stops,
are entirely consistent with PLEA-based perceptual assimilation as the basis for the
typology observed.

5.2.3.2

PLEA for triggers

Throughout the discussion in this thesis, liquids have been treated as non-viable
contexts for assimilation onto target vowels, as suggested by Experiment 3. But
when in C2 position, they may provide better contexts for perceptual assimilation
in consonant-consonant clusters than in vowel-consonant sequences. This is because
liquids can significantly affect the vowels that precede them, allowing them to be
predicted earlier and causing non-default parsing behavior to supplant PLEA-based
assimilatory evidence attribution, but they have more limited effects on preceding consonants, potentially allowing PLEA-based assimilation to determine acoustic evidence
construal in the absence of other evidence. Under this account, liquids’ coarticulation
with preceding oral stop consonants will be minimal due to the stops’ closures, but
liquids are still likely to uniquely coarticulate with, and so avoid hosting PLEA-based
assimilation onto, nasal stops, because they comprise coarticulable formant structure
of their own.
Glides in C2 position would require long all-pole transitions to begin after the
constriction of C1 , and may ultimately be heard as secondary place articulations
on preceding consonants, with /j/ construed as palatalization and /w/ construed
as labialization. This could result in sound change, in the way that Ohala (1978)
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argues that palatalized labial stops, /bj /, came to be alveolar stops, /d/, in Southern
Bantu languages. But this effect of a following glide would then not look like place
assimilation; it would be either the presence of a secondary articulation or only one
consonant where there had been two consonants in a row, because the second would
have been obliterated by a sound change.
This section has argued for the possibility that (i) glides are heard as secondary
place articulations and that (ii) liquids still coarticulate enough with some C1 s to make
it unlikely that regressive perceptually assimilated parses are adopted by listeners
when C2 is a glide or liquid. This may account for why non-nasal sonorants are the
least frequent triggers of regressive place assimilation. But PLEA does not predict
that oral stops should be the most frequent triggers of regressive place assimilation.

5.2.4

Previous accounts of regressive place assimilation

Perceptually-grounded explanations for the predominance of regressive place assimilation are not new. Steriade’s (2001 a; b) account of the progressive versus regressive directions observed in place assimilation is discussed here first, before Jun’s
(1995; 2004) account of the different degrees to which different manners of articulation
participate.
Steriade compares the progressive spreading of apical place in consonant clusters
with the predominant regressive spreading of other places of articulation, and explains when each occurs. She argues that what determines the ultimate direction
of phonological assimilation is which of the cues to the consonants in a cluster are
most perceptually salient, because it is the place of the most saliently cued consonant
that will prevail in spreading its features when speakers begin to pronounce clusters
as homo-organic. Such articulatory simplification is itself desirable, because it allows speakers to expend less effort. The distinctive acoustic consequence of an apical
place of articulation is in the VC formant transitions into that consonant, unlike other
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places of articulation, which are most strongly cued by the CV formant transitions out
of a consonant. For Steriade, cue strength determines the direction of place spread,
because novel assimilated pronunciations are only tolerated by speakers if they do
not result in overly drastic changes from the original unassimilated versions. What
counts as an overly-drastic change is encoded in listeners’ P-maps, their perceptual
knowledge about what acoustics are viable realizations of linguistic contrasts and the
similarity relations among these. The pressure to articulatorily simplify sequences of
sounds only up to remaining similar enough to their original versions has the consequence that the consonant in any diconsonantal cluster that will change is the one
that is less saliently cued. In most cases, the first of two consonants will change, because the predominant cues to most places of articulation are those in the transitions
out of a consonant, and so the second consonant in a cluster is more saliently cued.
For this reason, changing the first consonant so that it is articulated at the place of
the second therefore provides an articulatory simplification without being too great
a divergence from the original unassimilated form. But in the case of clusters that
consist of an apical consonant followed by a non-apical one, it is the transitions into
the first consonant that are most distinctive, and so changing that first consonant
would result in too great a perceptual difference from the unassimilated version of
the cluster. Just in these cases, changing the second consonant in the cluster becomes
the less disruptive alteration to make in order to articulatorily simplify the cluster.
As consistent articulatory simplification results in consistent assimilation that is not
too perceptually divergent from original unassimilated phonological target forms, listeners become accustomed to this assimilation, and it is phonologized to yield place
assimilation.
Like Steriade’s account, Jun’s relies on assuming that certain cues are inherently
more salient or prominent than others. Jun (2004) takes up the question of deriving
the manner asymmetries in assimilation targets laid out above. He begins from the
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Production Hypothesis that “speakers make more effort to preserve the articulation of
speech sounds with relatively more powerful acoustic cues,” and then assumes that,
for the first consonant in a VCCV string, the acoustic cues to continuants are more
powerful than those to oral stops, which are in turn more powerful than those to
nasals. If these assumptions are valid, this would explain why languages are more
likely to preserve the place of articulation of continuants than oral stops or nasals,
and oral stops than nasals in the C1 position of a VC1 C2 V string. Which manner
class(es) an individual language does or does not target for place assimilation is
then a function of how strong the cluster simplification pressures in that particular
language are. If they are only moderately strong, then only nasals are assimilated to
a following consonant. If they are instead stronger, then both oral stops and nasals
are assimilated to a following consonant. Jun (1995) posits a similar relationship
among the cues to place in C1 that can be preserved before C2 s of different manners
of articulation. Glides and liquids are the C2 manners of articulation least likely to
trigger place assimilation, because oral and nasal stops are released before non-nasal
sonorants, and so their place cues are better conveyed before non-nasal sonorants.
Oral stops are the manner most likely to trigger place assimilation, because the vowel
transitions out of a stop C2 will obscure the influence of a preceding C1 ’s place of
articulation.

5.2.5

Comparison between accounts

Positing that PLEA-based perceptual assimilation is a predominant source of regressive place assimilation is neither incompatible nor redundant with Steriade’s account. In a segmental parsing system like that outlined in Chapter 4, language-specific
parsing rules would be expected to engage during the distinctive formant transitions
into an apical consonant. The availability of this cue going into the acoustics of the
consonant’s closure could allow listeners to consistently face less ambiguity about the
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identity, or at least place of articulation, of an apical consonant later in its apprehension, and so make it unlikely that PLEA-based attribution would influence its
identification. Further, the PLEA account is agnostic to the existence of cluster simplification pressures, and it provides no explanation for the occurrence of progressive
assimilation, other than that this should occur in conditions where enough information is available in the signal that the listener does not have to rely on regressive
perceptual assimilation defaults. It is therefore compatible with Steriade’s account of
when progressive versus regressive place assimilation occur.
PLEA can further provide an explanation for the apparent perceptual similarity
and relative salience of cues in VCCV configurations that the P-map account must
assume. If listeners consistently hear spectrally ambiguous segments that are acoustically continuous with following speech sounds as more similar to those following
sounds than not, then a VC1 C2 V cluster in which C1 were changed to C2 ’s place of
articulation would sound more similar to a naturally-produced VC1 C2 V with a heteroorganic sequence than a VC1 C2 V cluster in which C2 were changed to the place of
articulation of C1 . Thus, for PLEA-based reasons, a change of a first consonant to
result in a homo-organic cluster sounds like less of a divergence from an originally intended hetero-organic VCCV string than a change of a second consonant. Moreover,
PLEA can also account for the use of and apparent attention to acoustic material after a consonant’s constriction as a cue to that consonant’s place of articulation. This
post-constriction acoustic material would, in the presence of assimilation-compatible
properties of the acoustic signal, be automatically regressively assimilated to that
consonant. In a VC1 C2 V sequence, the transitions from C2 into V2 would thus be
construed as evidence of the quality of C2 . The account advanced in this dissertation
can explain why the cues that have been argued to simply be “salient” in previous
accounts are the cues that determine how listeners construe the identity of C2 . At the
same time, it predicts that, whenever C2 ’s spectral quality is ambiguous, it should
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be susceptible to perceptual assimilation from V2 , as Bybee and Easterday’s results
would suggest. The present approach in this way can integrate with previous phonological accounts to provide a physiologically-based explanation for the observations
about the perception of place contrasts that have been assumed in explaining place
assimilation asymmetries. It eliminates any need to assume different inherent degrees
of salience, strength, or weakness of particular acoustic cues to segmental contrasts.
There is also no need to attribute implicit intentional behavior to producers in the
way that Jun’s Production Hypothesis does. As will be discussed below, there are
ways other than speakers’ differential effort levels for different contrasts by which
production could give rise to regressively assimilated forms in ways that predict the
observed implicational manner hierarchies for foci and targets of place assimilation
processes.
The important point of divergence between the approach advanced here and previous perceptual accounts of regressive assimilation of spectral weight cues is in the
understanding of the role that perception itself plays. Steriade’s and Jun’s accounts
have characterized perception as the check or filter on produced forms. Perception
determines what would be too divergent to be an acceptable change, and Optimality
Theoretic (Prince & Smolensky, 1993/2004) formalizations of their approach characterize faithfulness pressures as perceptual. The present account, in contradistinction
to this, argues that perception is biased in a way that makes certain segments sound
more like the segments that follow them. Perception thus adds distortion relative to
a platonic ideal of the process of speech perception as perfectly disentangling coarticulated speech sounds so as to attribute to them only the acoustic consequences of the
gestures that produced them. Such a perceptual bias is not in principle incompatible
with Steriade’s and Jun’s accounts, however. It is simply not incorporated.
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5.2.6

An alternate production basis

An as-yet undiscussed production-based alternative explanation for the prevalence
of regressive assimilation in diconsonantal clusters may seem possible: as listeners
produce sequences of speech sounds, motor planning and increasing activation in
preparation to produce an upcoming segment could sometimes interfere with the
speech sound immediately being produced. The reverse pattern of errors, which
would lead to perseveration of the first segment’s articulatory attributes into the
second segment’s, would never be observed, because motor plans of segments that have
already been articulated should be inhibited so as to not interfere with continuing
production. This would desirably predict that the first of two consonants is often
vulnerable to assimilation from the second, but not the other way around. There
are several reasons to disprefer such an entirely production-based account. Firstly,
an unaugmented version of this account does not predict that place of articulation
is more likely to be anticipated than any other attribute of a segment’s production.
Regressive manner assimilation should also be equally likely, because simple blends
or anticipations of motor plans should not differentially affect frontness or backness of
articulation over degree of constriction and tongue shape. Secondly, this account also
does not encompass any reason for which some manners of articulation should be more
likely to act as triggers or targets than others. Instead, simple production blending
should happen equally often between any two consonants of any two manners of
articulation. Further, there is no reason why the different manners of two segments
in a sequence should determine the likelihood that the first segment with take on
the second’s place of articulation. Finally, if regressive motor plan interference is
a regularly occurring error, in order for it to be phonologized, it needs to not be
corrected when it is heard. This failure to correct needs to happen often enough that
the errorful form is then normalized and grammaticized. Without some perceptual
allowance, this could not happen. Steriade’s account provides a potential description
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of the conditions under which this could occur: listeners will allow a persistent change
in production if its perceptual consequences are not an overly-drastic divergence from
the perceptual representation of the previous grammatical form. The PLEA account
provides an explanation for which phonologically regressively assimilated segmental
sequences will always seem more similar to original hetero-organic counterparts: even
phonologically unassimilated clusters exhibit some degree of regressive perceptual
assimilation. It is therefore the case that perception must permit a produced change
to perseverate before that production-based change can enter the phonology.

5.2.7

Interim summary

In this section, I advanced the argument that PLEA-based perceptual assimilation
may underlie some of the preferences observed in the manners of articulation of targets
and triggers of place assimilation in the languages of the world. The manners of
articulation that cannot be the targets of place assimilation, the fricatives, liquids,
and glides, are the target manners to which PLEA is least likely to apply. In the case of
fricatives, this is likely due to a lack of continuity between any fricative and the sounds
that flank it. Whether the segment next to a fricative is a sonorant sound, with a full
complement of formants, or an oral stop, with a closure or burst of its own, the noisy,
aperiodic energy that is characteristic of fricatives does not lend itself to attribution to
other sounds or receiving attribution from other sounds via PLEA, because frication
will always be discontinuous with the sounds around it. Liquids and glides may be
less susceptible to PLEA-based perceptual assimilation than oral and nasal stops,
because of their relative uniqueness in the segmental inventories of the languages in
which they occur. Similarly, a lack of PLEA applicability may account for why liquids
and glides are the worst triggers of place assimilation. Either they are likely to be so
coarticulatorily unique that listeners can engage in segment-specific parsing behavior
during transitions into them, or, in the case of glides in particular, they are possibly
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construed as secondary coarticulations on the consonants that precede them. PLEA
may also account for the consonants that are the best targets of place assimilation:
oral and nasal stops are also the best consonantal targets of perceptual assimilation
of the kind argued to arise from PLEA. It is therefore acoustically possible that a
PLEA-based bias could contribute to the trends in the manners of articulation that
host place assimilation. In the next section, I present Kirby and colleagues’ work
on learning simulations that demonstrate that a weak and domain-general bias like
PLEA could have consequences for cross-linguistic trends that are as strong as the
directional asymmetries observed in place assimilation.

5.3

Biases and consequences

Kirby and colleagues’ modeling work has demonstrated that weakly-encoded,
domain-general biases can have almost exceptionless consequences that can appear
domain-specific (Culbertson & Kirby, 2015; Kirby, Dowman, & Griffiths, 2007; Smith
& Kirby, 2008; inter alia). PLEA has been argued to be such a weak bias, applying
only in situations when all other alternatives cannot, which is not language-specific.
Place assimilation is a strong trend, which may be a good candidate for a languagespecific explanation, in that it affects only a certain type of linguistic feature. Kirby
and colleagues’ work therefore provides a proof of concept that a perceptual bias of
the kind that PLEA has been argued to be could give rise to the cross-linguistic
trends in place assimilation described above.
Kirby, Dowman, and Griffiths argue that the cultural transmission of language, in
a system that also includes separate individual learning and the biological evolution
of the genotype supporting language, can amplify the effect of weakly-encoded biases
into strong or exceptionless cross-linguistic trends. They employed iterated learning
simulations, in which each successive generation of learners acquires a language from
the productions of the generation that came before it. Iterated learning provided the
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cultural transmission of language, because what one generation of learners acquired
depended on what the previous generation of learners produced. Learners’ internal
programming made them more or less biased in favor of certain hypotheses about the
input that they were receiving, and provided a way to track their genotypes, while
their individual linguistic behavior provided what Kirby et al. called their phenotypes.
Biases in favor of a particular behavior were varied in strength by systematically
changing the learners’ internal programming/genotypes. The changing phenotypes of
successive learners provided a way to track the longitudinal effects of the differently
encoded biases. Kirby et al. found that strong genotypic biases were not necessary
to produce large phenotypic effects. As long as a bias existed, even though slight, it
could emerge over successive generations of learners who reached conclusions about
the languages they were learning so long as the number of training examples that each
learner received was sufficiently constrained. The reason for this is much the same as
the reason for which PLEA can only be observed when an acoustic signal contains no
more specific information: the action of a bias will only be observable when a choice
point arises, and an actor must decide on a course of action with only a limited, and
crucially not fully-determinative, input. Kirby et al. called the limitation on the
number of training samples available to a learner a cultural bottleneck, and argued
that this bottleneck can serve to make strongly-encoded innate biases unnecessary to
account for even exceptionless cross-linguistic trends.
Culbertson and Kirby argue that biases that likely evolved as domain-general
tendencies interact with the linguistic system in ways that have domain-specific consequences. They provide examples from different aspects of language use—dubbed
“compositionality, regularity, harmony, and isomorphism”—which they argue all reflect the structure-particular consequences of a “simplicity” bias. This simplicity bias
takes the form of learners preferring representations that compress, or abstract over,
the data that they have seen. For “compositionality,” this simplicity bias manifests
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as a preference for systematicity in meaning-signal mappings from combinations of
words, so that learners do not have to store each combination’s meaning-signal mapping as a totally arbitrary exception or idiom. For “regularity,” this simplicity bias
manifests as the convergence on systematic word orders and structures that occurs
during creolization of a pidgin, because such convergence provides greater predictability and allows learners to represent their language more succinctly. For “harmony,”
this simplicity bias manifests in the form of Greenbergian universals about word order
implications, because positing that heads and dependents will consistently occur in a
certain order, i.e. either head-then-dependents or dependents-then-head, within one
language again minimizes the exceptions that learners need to store by rote. For “isomorphism,” this simplicity bias manifests in the cross-linguistic tendency for syntactic
tree structures to parallel the semantic relationships between modifiers and nouns,
because such parallelism relieves the learner of having to learn auxiliary mapping
rules in composing semantic interpretation from syntax. Whether one agrees with
Culbertson and Kirby’s particular characterizations of their examples is orthogonal
to their greater point, however. These examples simply serve to illustrate the fact
that, if learners bring domain-general biases to their use of language, these biases can
interact with the particular properties of the linguistic structure in question to give
rise to apparently very representation-specific systematic behavior that does not have
to be attributed to an innate language-particular source.
In the case of the PLEA account advanced here, a domain-general effect leads
listeners to perceive later-occurring acoustic material as part of the same source as
earlier-occurring material. Just in the case that this earlier-occurring material has
been ambiguous enough that the listener is yet unsure of its quality, the connectedness of the later material with it allows the listener to construe this later material as
evidence about the quality of the earlier material. This is the basic perceptual assimilation effect for sufficiently continuously connected spectral weight cues. This could
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then particularly interact with phonological place features, because place contrasts
happen to be cued by spectral weight. PLEA could then give rise to different rates of
place assimilation in consonants due to the differential assimilability of the spectral
weight cues of different manners of articulation.

5.4

Conclusion

In this chapter, I have presented the typological trends among CV and VC sequences in whether they undergo regressive or progressive assimilatory processes, as
well as manners of articulation and their frequencies of undergoing and triggering
phonological place assimilation. I have argued that these could have arisen from
PLEA-based perceptual assimilation, and discussed modeling work by Kirby and colleagues that demonstrates that weak biases of the kind that I have argued PLEA
to be can give rise to strong typological trends of the kind found in regressive place
assimilation.
The case of regressive place assimilation discussed here serves to illustrate a necessary attribute of any PLEA-based account of phonological behavior: PLEA provides
a persistent externally-based pressure on the self-modifying system of phonology and
speech perception. For example, if the phonology of a language governs what contrasts are maintained among segments in which structural positions, it then determines what listeners must attend to while they listen—also a perceptual question. If
the perception of different attributes of the acoustic signal is more or less robust in
natural language use situations, then some segmental contrasts are more likely to be
maintained or obviated—also a phonological question. In order for a strong typological trend to emerge, it must exert a consistent pressure for one direction of change
over successive generations of language learners and users. The present account holds
that PLEA does just this, because it is seated in the physiological mechanisms that
must be used during perception.
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